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The LEM Guidance, Navigation az._ Contro!-_nalysls and Integration

Section has the responsibility of supplying major portions of the LEM

Mission Simulator (LMS) Math Model to the _ TTaining Equipment Section.

Report LED-500-5 represents a partial fu_illment of this obligation.

_ere possible, all equations are i_rivei in the most general form

to reflect an exact model of the _?jsical system. These equations are

subsequently simplified in the text to the extent that the ensuing sim-

ula_=o.= is compatible with the prize missicn objective, _=Iv astronaut

trainini i few of the more i,.. __... simplifications, that. are discussed

in the text, are listed below:

_ing lunar mission exercises_ the L_ equations of motion should

include b&nar * _ _'"_riaxi_!_j ........._'_ cn!y
!

_. The fuel slosh computational i_,_p shcu!d be based cn a constant

_<ping ratio. It is rec_::=enle_ that aiiitional sLm_!ificaticns be

sough+ ,'_ iO series.._ _l_._ respect the of sec=ni order differential equat!ons

-_a $ represent the 9u=_-_ _-_> _=_--,-_ analog mode!

=. i>_ring all independent _ _[issi_n m_!es, the CSY trajectory

should be represented by .... --

-. During all Earth mission =xsrclses, L_q.imotion should be defined

v_- .... the cooriinate origin is locatedhy relative motion equations, ...___....

at the C_.[ mass center. Thus. _ ...."-_ _:. oh!ateness pert'J_bations and C_4

aerodynamic perturbations -._e never _..._a.__-_"+=_by the LE.I :/ission

Sizulat or.

5. During lunar mission exercises, relative motion equations should

b_ used to describe the I_,.itrajectory whenever the LEM is located

within some small, predetermined sphereof influence measured from the

C_4 mass center.
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6. Jet damping forces and torques should be deleted.

7. Stage separation forces and torques should be represented by a

linear function rather than a third order polynomial.

8. The lunar libration matrix and the regression of the Moon's node

should be maintained constant during the course of a run.

9. During any given run, the Moon's radius should be a constant

specified by the land-Mass Simulator datum surface.

iO. Lunar surface velocities due to the Moon's libration and no_al

regression rate are small and should be neglected.

ii. The incremental _ velocity relative to the lu_na__s,Jrface

due to a displacement betveen the LEM-CG and the landing raiar-CG

is small and should be neglected.

12. Ground tracker elevation constraints should be assLr__ed

constant rather than computed as a function of the tracker az-lmuth

angle.

IB. Fuel and oxidizer inertias should be based on point-zass

considerations.
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The purpose of this report is to present the rationalej assumptions and

derivations used to generate the following sets of equations for the IMS.

A. L_4 Translational Equations of Motion (Lunar)

B. CSM and LEM Relative Equations of Motion

C, Rotational Equations of Motion

D. General Transformations

E. Ephem_.,,'._

F. Rendezvous Radar Subsystem Interface Equations

G. Landing Radar Subsystem Interface Equations

H. Co_.munications Antenr_ Interface Equations

I. Weights and Balance

J. External Visual Disp!a$, ___r_iveEquations

Sets A through J represent detailed equations that provide "true"

(error free) trajectory inforzaticn to all major -"_"--_+_-'-_-...,,._j ...... _ and the

instructor. These equations are.also used t_ g.-..:_a_,t_e visual cues _o_

the astronaut.

i

- '  _5oo_5
DA_ -22 April 1965

OnUMMAN A,.C.AF* ENO,.mEa,.O co,poaA.,o.
¢ODtEI1_!1



I

IT. Introduction

A. General.

_ i I, 11

The Apollo Mission Simulation Complex will be used to train

all personnel directly connected with the landing of two men On the Moon and

their safe return to Earth. This complex consists of three simulators; namely_

the Manned Spaceflight Control Center (MSCC), the Apollo Mission Simulator

(AMS), and the LEMMission Simulator (INS). Briefly, the MSCC coordinates all

aspects of the Apollo Mission, while the AMSand LMS are concernedprLmarily

with those functioDs performed by the Command and ServiceModules and the

Lunar Excursion Module3 respectively.

herein.

0nly the LMS functions are described

The _S _._th Model has beenwritten in accordance with the ground rules

established in reference 1. These are:

i. The LM_ must operate either independently of the _ and MSCC or

in conjunction with the _S and/or _._CC (integrated mode).

2. The _/_ must be capable of simulating either Lunar Mission or Earth

Mission phases.

3. The _._ must describe all L_ operational functions.

B. Report Format. The detailed equations and information contained

herein is outlined in accordance with the Index Diagram given in sheet AAA

(see Section VI). This summary"sheet contains lO sets of equations and 1

set of figures. Each set of equationscorresponds to a particular simulation

function such as rotational equations of motion, or subsystem interface

equations, or external visual display drive equations. Specific simulation

functions are lettered from A to J. Furthermore, each set or simulation

function is partitioned into subsets numbered from l0 to 90. With this

breakdown it is possible to quickly locate a particular equation. For example,

F - 20 desmribes the rendezvous radar gimbal angle and gimbal rate equations,

- D_._ 22 April 1965 "
a|UMMAN AI|CIA,T [HGIH|EI,NG CO_O_AT_O_'_"

CODE _,511
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since_ from sheet AAA, set F denotes the rendezvous radar _ul subset 2_

denotes gimbal angle and rate computations.

Sheet AAA also presents required inputs from other math models. External

math model inputs are indicated by arrowsentering from the left of each set.

The more important outputs, c0mputed_-ithin each set, are shoum by arrows

leavlmg the set.

A more detailed breakdown of the fl6i'between sets, subsets, and other

math models are given in sheets AA. Sheets AA were generated as an aid to

progranur.lngthe equations on a digital computer.

Discussed in Section IIi of this report are all the detailed eqations

developed on sheets A tbmough J. Section III is divided into subsections.

Each subsection is lettere& from A to J to correspond to Whose sets
4

(simulation functions) shorn in index sheet k&<. _nu , .=__r_ subsect c_

III-J discusses the derivations required to generate _he visual display

drive equations. Each report subsection is c....pl_e and includes:

a. the purpose or reasons for simulating each set

b. derivations _nd ass_&_ptlons related to the s'ahset equation s

c. recoz.mendatlons or need for future work

d. conclusions

Equatlens_ given in the text, that are _=_=_._ by a capital letter

followed by a n'_mber can be found on the corresponding sheets lettered from

A to J. These equations do not necessarily follow a sequential order in

the text since the complete flow d!agr_.s ;ere generated prior to documen-

tation. Text equatlons deslgnated by small letters are used either as

fntermedfarles to derive a set or subset equation or to present an alternate

approach not listed on the detalied flow diagrams.

References are listed in Section IV. Symbols, units and range of

variables aredefined in Section V, index sheet AAA, flow sheets AA

FORM G2:H! liiW 1 li.64 IIEPOII? LED- 50 -5
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and detailed equation sheets A through J are given in Section VI.

Figures are presented in Section VII.
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III. D_Jiled Equations - Sheets A through J

A. LKM Translational Equations _M-Frame).

1. P_ose. The purpose of Set A equations is to accurately represent

all significant external forces acting on the L_4 vehicle during the

lunar mission phase. Integrating these forces provides a "true" L_

trajectory governed by the accuracy of the physical assumptions and the

numerical integration scheme employed. These eq'u_tions will be used

during independent or integrated lunar operational modes only. Earth

operational modes and CSM motion equations during the independent mode

are discussed in Subsection III-B.

2. Primar7 Reference _jstem and Generalized Equatlons of _.[otion._SA

has suggested (reference 2) that the primary reference frame be defined

by the me_n Earth equator of date, where, axis X is directed along the

mean equinox of date _nd axis Z lies along the Earth's me_, spin vector.

During lunar missions, the reference set will be Moon centered (_, _,

ZM; see Fig-are l) whereas, during Earth training missions the reference

set will be earth centered (XE, YE' ZE)"

The equatlors of motion of a point of mass relative to _n inertial

frame centered at a massive body, n, are well known:

Subscript L denotes LEM. Let the massive body represent the moon,
\

n = M. The bracketed term contains both the direct attraction of body

mj

Jupiter, etc.) on the Moon's origin _M'

,-, ,.o,, 5"-'".........

on the vehicle mL and the indirect attraction of body mj (i.e. Earth,

. : ,,A,, 22 _i_.l 1965
OItU/_MAq_I _ AIRCRAFT |NGIHEI_IIINO COIIP'OIIATIOH

CODI |_I|
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triaxiality acceleration. All external forces such as main engine

thrust, RCS thrust, fuel slosh, separation forces and jet damping forces

are lumped into the term > _--_..

3 /__--_

3. Gravitational Perturbations. During the lunar mission phase all grav-

itational forces except those due to lunar tria_lality are neglected.

The reasons for this statement are listed below.

a. "M or E" - Frame Perturbation. Lunar-solar forces acting on the

Earth's equatorial bulge cause the Earth's mean equator of date, and

hence the mean equinox, to precess at an average rate of about 0.015

degrees/year. Accordingly, the reference M or E-frame is non-iner-

tial. For the_._, however, an inertial set is assumed. Solution

accuracy is not compromisedby this assumption because it can be

shown that the apparent coriolis and centrifugal errors induced are

less than those perturbative accelerations due to either ]_r s or

Jupiter (reference 3). The R,_-L_ trajectory calculations are there-

fore unaffected.

b. Solar-Perturbation. An extensive numerical study has been conducte_

at GAEC Creference 4) to ascertain the effect of lunar triaxialityj

Earth, Sun _nd planet Terturbations on the motion of a close lunar

satellite. This report clearly indicates that the effect of solar

and planetary 'Earth exclude.d) perturbations on satellite motion are

approximately 3 to 4 orders of magnitude smaller than the combined

. Earth-Lunar triaxiality perturbations. This is in general agreement

with the order of magnitude obtained by simply ratioing the Sun and

triaxiality perturbations. Since, as shown below, the Earth per-

turbation can be neglected for purposes of _S simulation, it is

safe to neglect the solar and planetary perturbations.

J

LED
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c. Earth Perturbation. The influence of the Earth's perturbative ac°

celeration on the motion of a near lunar satellite has a smaller

effect than does the Moon's triaxiallty perturbation. This is evi-

denced either from inspecting the Earth-Moon potential function or

by eoml_ring the data given in reference 4. Numerical data from ref-

erence _ indicate that the Earth perturbation has approximately a 1

to 2 order of magnitude smaller effect on short period raAial, semi-

major axis_ and eccentricity excursions (for a low altitude, circular,

e_atorial lunar satellite orbit) than does lunar triaxiality pertur-

bation. For example, the Earth's contribution to the radial excursion

is .009 n. mi. during a 14 day mission. _nus, by neglecting the Earth

perturbation_maximum short period radial excursion error of .009 n.m.

is introduced.

L_ orbital inclination and right ascension of the ascending node

long period and secular excursions must also be considered. Reference

indicates that for a lunar equatorial satellite orbit, the Earth

has a more predominant influence on these parameters then does the

ltunar triaxlality. _.nis res-_lt a__pears reasonable since to the first

order there is no lunar trlaxiality perturbation normal to the equa-

torial plane. The Earth perturbation, however, does produce a dis-

turb_ng force component normal to _his pl_e. __T.us,inclination or

nodal excursions, for a luuar equatorial orbit, reflect the effect of

the Earth's influence rather than theeIr__luence of a triaxie! Moore.

Although the Earth perturbation _n satellite inclinat!on exceeds

that of the _on, the re_altant multiboc_- inclination excursions are

still maa/l. For example, _he equivalent a_.g_a_ satellite posltlom

error _Iueto negleetlng the Esa_h, based am represen_tlve Initiel

m,

- ' '" "  .om   -5oo-5
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conditions (low a!titude_ circular, lunar equatorial orbit), is

approximately .01 n. mi. after each satellite revolution (reference

4). As the LEM orbit inclination with respect to the lunar equator

increases, the Earth's secular perturbative influence diminishes rel-

ative to the lunar triaxiality perturbation. Since the L_ lunar

mission is of the order of a few days, and since the resultant Earth

induced excursions are well within "spec limits" (reference i), the

Earth has been deleted as a perturbing body during lunar separation-

to-descent and ascent-to-rendezvous mls_ion phases.

4, LEM E_uations of Motion. In the absence of solar and Earth perturba-

tions, the L_ translational equations (a-l) _ith respect to a Moon

centered M-Frame become:

r_L + L _L

a. Lunar Triaxialit 7 Perturbation. The recommended form of the lunar

triaxiality potential is (reference 2):

Constants A, B and C have been determined by a NASA Earth Model

Meeting and are given as (reference 2):

A
I_ -!_ : e lq. 3_, _,to"

Ic

.IB- I_, = 20z.70 ,, Io"_
Ic

(A.OI)

I_1_ 0321 I_" I _E_ LED-500-5
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Principal moments of Inertia, IA, IB, IC, are measured along the

Moon's long, intermediate and short axis, respectively.

The trlaxiality perturbation acting on the 12N vehicle is given

by the gradient of (a-2), thus :

where: -

_×S S C ×,s.n.- r4.

and _b..ere:

_.q_a_io.s _A-2!, see sheet A) require that the 12E_position vector

be measured relative to selenographic coordinates _S/L). The L_._.!

position vector relative to M-frame coordinates (rM/L) is known from

the solution of the equation of motion rA-10). Hence, these coordin-

ates must be transformed from the M-frame to the selenographlc S-

frame. This is accomplished by matrix operator alj (see Section

III-D3 equations D-lO) _

Fs,L = a_j P_ (D-to)

_EPo_ ____- 500-5

DA_ 22 April 1965
OI, UMMAN A,ICI, AFT ENOIN||IIINO COIiPOIIATION



Once having determined the triaxiality accelerations in the S-frame,

(A'21), then these accelerations must be transformed back to the

M-frame equations of motion; therefore:

T --

This completes the triaxiality perturbation computations.

b. _2in Engine Thrust Forces. Descent or ascent engine thrust forces

(Tk; k = D or A) are supplied by the Propulsion Math Model Section

of the LMS. The descent engine nozzle is gimballed to provide trlm-

ming moments in addition to translational forces. Descent engine gim-

bal angles _ and_ are depicted in Figure 2. These angles are

generated by the Stabilization and Control Math Model Section of the

R4S.

The ascent engine nozzle is fixed to the body. Angles_eAand_A

are math model input constants thatreflect any angular misalign-

A A

ment between the tbmust axis TA and the body axis XB. ]Jmin engine

thrust forces resolved along the body axes take the following form:

r.Ol_ 0121 Hv I

= cos s cos

Ty_ = T K s,n syK

T
_BK = TK COS $ ?K -SIr)%eK

The reaction control system consists of 16c. RCS _nrust Forces.

thrusters mounted on support booms in clusters of four as shown in

Figure 3. Two separatepropellant feed systems, "a" and "b"are

provided. Systems a and b are denoted in Figure 3 by unshaded and

shaded thruster nozzles, respectively. Each thruster is designated

2, ...16). Translational forces and/orby a number (Tu, u = l,

,,_-"_D-5oo-5
_A_ 22 April 1965
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i

moments are generated by appropriate thrust commands issued from the Reac-

d. Fuel and Oxidizer Slosh Forces Vehicle torques induced by main engine

propellant oscillations during the powered descent and ascent maneuvers

have a significant effect on RCS propellant consumption and limit cycle

characteristics (reference8 5, 39). Thus, any meaningful math model

should have provisions to simulate propellant slosh force and torque per-

tUrbations. A detailed description and derivation of the mechanical ana-

log used to simulate slosh forces is given in references 6, 7 and 8. A

brief description of these equations, as related to the LMS math model

(A-40), is given below.

Fuel and oxidizer slosh forces depend on the accelerations acting on

each tank. The tanks are not located at the vehicle CG (see Figure 4).

It is therefore necessary to transform the known linear acceleration act-

ing at the vehicle CG to an applied linear acceleration acting at each

tank CG. Camponent tank accelerations acting along the body YB direction
• • ,e

(VsK j) and ZB direction (WsKj) are computed in equation (A-45). Descent

W

FOI_A G3311 IIEV ! 8-64

148B
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PASE 12

stage slosh forces, in each of four tanks (J = I, 2, 3, _), are generated

whenever the descent engine is activated (K = D). Ascent stage slosh

forces, in each of two tanks, (J = i, 2), are generated whenever the as-

cent engine is activated (K _ A).

Consider a tank coordinate reference system fixed to the liquid mass

and parallel to the LEMbody axes system at main engine _gnitio_. As the

.

LEMyavs about its X B axis, the liquid mass is assumed to remain station-

ary; consequently, a yaw displacement will exist between the tank axes

and the vehicle axes. Let this ya_ excursion be denoted by angle _k'

where:

The limits of integration extend from the initiation of msin engine burn

until shutdown.

Angle _k is used in equation (A-h3) to transform the perturbing accel-

eration acting on each tank from body coordinates to liquid coordinates.

Accelerations VSK j are forcing function inputs to the _quivalent mechan-

ical slosh model. The slosh model (A-42) is represented by a pendulum

whose mass and support position is designed to generate forces equiva!enz

to the amount of propellant that sloshes.

The solution of (A-h2) depends on the slosh natural frequency,O0D_:,

and damping ratio, fJK" Values for O_.are given in equations A-h6

and A-h7 in terms of total longitudinal thrust acceleration
D%_. '

tank radius, _, and a non-dimensional parameter , MK .

* Normally this motion is referred to as vehicle roll. With respect to

the LEM astronaut, however, this motion is sensed as vehicle yaw.

Parameter MKj is

2 _I$4A

0

0
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supplied as a tabular function of oxidizer or fuel mass ratio (mass remain

ing to total tank mass capacity, _ see A-46a, 47a). Loop A-49 a,

_j% '

b, c, d is employed to define damping ratio, f JK" As shown, this in-

volved loop depends on the fluid height hJK (A-h6a, A-47a), ta.6k sbmpe

(A-h9d), number of bafflesin each tank _K' baffle height h_K (see Fig-

ure h), baffle _dth W _K' the equivalent pendulum motion (A-42), and

uKjO Note that logic A-h9d applies onlY to the descent tanks since

OA=O.

Slosh forces in tank coordinates are represented by set A-h!. Slosh

rmss is computed in A-h6, A-47 based on experimental data given in A-46a,

A-4V a, A final transformation yields slosh forces SYKj, SZK j (A-hO) in

body coordinates.

It is assu_¢.ed(references 5, 6 and 7) that the instantaneous propellant

mass CG remains fixed at the center of each Spherical ascent tar_kbut var-

ies relative to the center of each non-spherical descent tank. Hence, the

composite descent propellant mass CG depends on the representative "slosh"

r_ss CG and "rigid" mass CG (see Figure 4). Component slosh and rigid

r._ss CG distances are measured relative to the center of each descent

_a__e_ A-46a,tar_ along the XB bo_y direction and are tabulated in t _l - 47a).

iTne composite CG of each descent tank is calculated in eauations A-L8 for

subsequent use in the Weights and Balance Section (Section III-I).

It is recommended that additional effort be expended to simplify the

damping ratio computations. Sufficient LMS realism may be achieved, for

example, by assuming a linear and/or constant damping ratio variation as

a function of liquid height for some "typical" wall slosh amplitudes.

e. Sta_e Separation Forces. Substantial separation forces exist whenever

the descent stage is 3eparated from the ascent stage. A detailed deriva-

_ @321 HV I -. i_EK)m LED-500-5
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tion of the separation forces are given in reference 9 and will not be

repeated herein.

sented. ..

Instead, a brief description of the logic flow is pre-

Staging forces are consideredas a perturbation to the total thrust

and are activated at the instant of ascent engine ignition. Staging

forces have a characteristic shape shown in the accompanying sketch (see

A'60, 61):

j

A%z_

_t '_ Ti._.__ASURED FROM _CENT ENGINE IGNITION

At ascent engine ignition, the stage separation force increases fin-

early to a maxim'<m value. The thrust decay characteristic is represented

by a third order po!ynozial that has a zero value at 2_t9i. All stage

separ_on Coefficients and timing events depend on whether an abort, with

partial (i = PP) or full (i = FP) tank pressure, or a lunar lift-off

(i = IX)) is being performed (A-61).

f. Jet r_empin= Forces Jet damping forces are introduced during main en-

gine burning whenever the _ rotates about the transverse YB or ZB body

axes. It is assumed tbmt the exhaust gases heave the nozzle with later-

al velocity components equivalent to qB_ and rB_H_ , where _K is

the distance measured from the vehicle CG to the nozzle exit. The rate

of change of linear momentum of the'exhaust gases induce a force which

opposes vehicle rotation. If rotational coupling and nozzle asymmetry

are neglected then the first order damping forces can be approximated by

(A-TO).

_IL_ G3_I li_ I 1.44
ii_ i l
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Jet forces are small compared to an RCS thruster capability of i00

pounds. Conservative values for mass flow rate, body angular rate and

are 1 slug/sec., lO deg/sec and l0 feet, respectively. Substituting
NK

these data into A-70 gives damping forces less than 2 pounds. Thus, Jet

damping forces can be safely neglected.

g. Non-Gravity Force Summation; All external, non- gravitational forces are

summed in A-81 and transformed from body axes coordinates to inertial M-

Frame coordinates in block A-80 for direct use in the equations of motion

(A-IO).

5. Conclusions.

a The LEM equations of motion are defined with respect to the M-Frame

and include !unar triaxia!ity perturbations on!y. _nis set will be used

during independent or integrated L_E lunar rdssion phases.

b. Jet dam_ing forces are deleted.

c. __T_ethird order polynomial thrust separation decay characteristic will

oe represented "o_ a linear decay characteristic. No loss in realism re-

sults.

..e damping ratio loop, required to comwute the slosh forces, (A-L9),

will be represented by a t_ular function depending on the height of

f!uSd in each _a_'._..It is recommended 'that further simplifications be

sought for L_ implementation. _

FGIU_0321 ItlV I 144 ¢ mEPO_ LED-5OO-5
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B. LEM-CSM Relative Equations of Motion and CSM Tra_ectQry Computations.

l._r__. The purpose ofSet B is to formulate L_ motion equations that

simplify computer mechanization and retain trajectory precision consistant

with overall LMS mission dictates. In particular, it is desired to:

a. Provide CSM state variables during independent LMS operation (no inter-

face vith MSCC or AM S).

b. Accurately describe relative motion coordinates of the LEM with respect

to the CSM during lunar rendezvous and separation phases.

c. Accurately describe relative motion coordinates of the LEMvlth respect

to the CSM during all Earth operation phases.

Justification for selecting a two-body CSM orbit as a reference for

meeting many of there requirements while neglecting most perturbations fd]m.:

2. CSM Equation Of Motion Considerations.

a. General. During indeloenden _ _._ opera$ion the coordinates of the CSM

must be kno%-n in order to provide inputs to the visual displays, the LEM

Rendezvous Radar Math Model and the LGC steering equations. It is proposed

to generate CSM coordinates based on two-body, Kepler motion. This ap-

proach seems reasonable because:

i. A ground rule has been established t_3t the CSM will not thrust Lduring

independent operation (references 1 and i0).

il. Two-body CSM solutions are required to simulate the LEM Guidance Com-

puter (LGC) - CSM state "vector computation (see sheets N, O, P, refs.

13,

Suppose a two body CSM solution vas not employed. On this basis the

LMS must effectively perform an AMS function. This would require a sharp

increase in LMS computer storage to numerically integrate the CSM trajec-

tory including lunar perturbations during the lunar phase (A-1O), and

.A. ee April 1965
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Earth perturbation_ durir_theE_rth mission phase (See Section III-3-32_ The

additional computer cost and complexity is not commensurate with the gain

in trajectory precision, over and above the two body solution, for the

following reasons:

i. Precision CSM trajectories will always be available during all phases

of the L_-A_, LMS-_CC, or _._-A_-MSCC integrated operation.

li. During lunar descent to touchdo_rn, or even ascent to terminal rendez-

vous ir!tiation, small errors in the C_M position from what the CSM

posi+io.: would have been had all perturbations been included, would

be imperceptible to the pilot and inconsequential to the training

mission. _is statement is made because only as the relative distance

approaches zero fs it essential that the position of the CSM relative

to the _M be known wi-h great precision. But, it is for this very

reason _hat relative coordinates are employed.

iiio For Earth missions, positional accuracy of the CSM and LEM relative

_o inertial space is compromised; however, the positiorml accuracy

T rof _he _M relative to _he L_.+_il not be compromised provided mi_

sion time and relative distances remain small.

Consider the implication of all r_evant Earth perturbations on _he LEM

orbit during _he independent mode. Admittedly, inertial errors must accru_

if a two bo!y CSM solution is adhered to. However, it must also be real-

_ha _ized _ _ the LE_M has no re-ent_ _ capability. Accordingly, safety consid-

erations would dictate that during Earth training exercises, the relative

excursions %etween the LE_4 and CSM be constrainedtsscme _ximumva]ne. Thus,

with regard _o equation synthesization, ar_ perturbative influence on the

CSM orbit _ll not substantially influence the coordinate representation

of the LEM_dth respect to the CSM since the LEM equatlons of motion are

FOR+_03211 IIEV I _-64 ,mmrr LED-500-5
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described with respect to the CSM (B-IO). Instead, as mentioned prevlousl_

CSM perturbatlve influences will be reflected in the LEM coordinates _Ith

respect to the Earth centered inertial or Earth fixed coordinate system. _

In terms of math modeling this means that the communication equations

(H-30) and the visual display MEP equations (J-hO) will be slightly in

error. Should this be deemed important, then system operation can al_ays

be checked by integrated LMS-AMS or LMS-_CC or LMS-AMS-N_CC operation.

b. CSM ._irst Order Oblateness and Aerodynamics Perturbation Considerations.

'The two-body solution does not reflect the influence of oblateness and

aerodynamic forces acting on the CSM orbit. Oblateness perturbations can

cause significant secular nodal and possibly perigee excursions relative

to an inertial frame over a one day period (on the order of 5 deg/day for

a close earth satellite launched Within Cape Kennedy azimuth constraints).

The conseque_e of the nodal drift is a shift in the subsatellite point

With respect to ground tracFlng stations.

Aerodynamic drag alters all six elements of the CSM orbit; however, the

the significant perturbations are a- secular decrease in semi-major axis

and circularization of the orbit. A few simple calculations will place

the aerodynamic perturbations in the proper per_ective. Assume a con-

W-E--) equal to 200 lbs/ft 2 and cir-
servative CSM ballistic coefficient ( Cd S

cular CSM orbits whose altitudes are lOO, 200, and BOO n.m. After each

Earth circuit the constant aerodynamic drag acceleration will reduce the

CSM altit_e byO.3 n.m., 8xlO'_.m. and 8xlO'hn.m. respectively(re_ererce ii). It

is felt that errors of this magnitude can be tolerated over a time period

of 1½ hours without imposing any restrictions on the prime mission objec-

tive, namely astronaut training.

Three techniques may be employed to accoun£ for first order oblateness

FOIM O3N I_V I 1_44 ,E_ LED-500-5
DA_ 22 April 1969
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and aerodynamic perturbations for independent LMS operations. These are:

i. Technique ! - Exact integration of the equations of motion.

ii. Technique 2 - A simplified CSM solution with perturbative influences.

iii. Technique 3 - A two-body C_4 solution with no up date. Approximate

communication and MEP phase relations between the Earth and the

can be achieved by altering the Earth's rotation rate.

Techniques 2 and 3 require that LEM motion be synthesized relative co the

CSM. Each technique is subsequently discussed.

3. Technique I - Exact _'_,,,Equations of,1. Motion.: Obviously, triaxiality, ob_=_ei_

ness and aerodyrmmic perturbations can be computed by the direct integration

of the CSM and _ equazions of notion during independent !/,Z operations. For

_he sake of completeness, the'se equa-ions are given:

rn/v

Vector P/vdenote_ __i_.er the I.bon's triaxiallty acceleration (A-20) or the

Earth s non-central gravi_ationa! acceleration.

the "_" {V_,_lent of the potential function ( ).

its, PE/V is:

REly V _2v .=

where:

_ne latter is deri?ed from

Considering _ harmon-o__y zonal

^
aY_v JE + ;_Z_v K_ (S-z)

Vehicle aerodynamic accelerations A--V (CD = constant) are:

my 19_I
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Where the velocity of the CSM or LEM relative to a rotating atmosphere is:

Equations b-! require the use of a sophisticated numerical integration

scheme in order to insure that integration errors do not exceed the pertur-

bation accelerations. It is felt that the use of sueh'a scheme would require

more computer storage and longer solution times than vould the implementation

of the first order perturbation equations. In essence, mechanization of

equations b-I would be somevhat analogous to building an A_ computer within

the LMS computer for use during _ndependent LEM operations. Moreover, it is

also felt that vlthinthe constraint of realistic astronaut training there

is no need to include any perturbations on the CSM two-body trajectory, since

as implied earlier, these perturbations will have a second order effect on

the LEM-CSM relative distance.

_. Technique 2 - A Simplified CSM So!ut_gn Hith Perturbation Influences.

a. Earth Oblateness (CSM Orbit[. The principal effect of Earth oblateness

is to alter the mean motion, cause a secular nodal re_ression, and a peri-

gee advance given by the foiloving expressions (reference !h):

J?. _ _ Nodal Regression, cos

J_L Perigee 3)a - e:)],(z- s, 'Lo)t

A _. (, ..._ SI r.l_'Lo)_] Perturbed• ' Mean

:: _O[I t [_(,-e:)] y_tion

I_IM (LIIIIIII_ I l-_I
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Subscript o denotes initial or rectified values of the osculating CSM

orbit. Long and short period variations in the six orbital elements are

neglected.

b. Aerodynamic Perturbations (CSM Orbit). Secular excursions result in all

orbit elements due to aerodynamic perturbations. Nodal and inclination

secular changes are caused by the rotating atmosphere. These terms as wel_

as aO_ are small for a large variety of "typical missions" (reference 15)

and will be neglected. Based on a non-rotating atmosphere, the secular

perturbation in ser/-maJor axis and eccentricity are (reference 16):

=_ m . (h.) __ COCOS (b-4)

. [,, COCO-<=l_a_ae,,, =- _fem_a_.£ (_') ao (t-e:) i -goE-O-ggJ-'-

PerturbationsAG_-niA_Acan he found hy integrating equa:ions (b-4) over
A

a complete or parr.lal revolution (Simpson's rule is sufficient).

c. CS2,5Orbital Elements. In order to define the osculating orbit, iV is

• _o,.,__ l,.l_ia_ CSM Orbl_ elements. At problemflrs_ necessary to ..... _ the ",_'_

u

initialization the =" _ *-C_,..orhir and
e.emen_= can be found in te_ms of rE/co

r-_/Co, Semi-major axis and eccentricity are given by the vis_iva and

angular momentum equations:

@

e° = [t- aoM_]

r.OItM _1_$ _ I 84_
1
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Orbit incli_tlon is defined as the angle between the mean Earth Sl0in
/

axis ( = k) and the CSM angular momentum vector:_

Cos L. = /" H_ _ Hx_
- IHf,oi -- H,_

Let the acending node direction be given as:

%?,_en,the longitude of the ascending node is:

u A

N.J
tan n: t

Firei!y, the argument of perigee is the _Ifferen2e h_tveen 2he arK_nent

of lati=ude and the true anomaly:

Vr.ere:

ar._ :

00o = t_o-Co

2-

7r.eeccentric anomaly at epoch, (Eo) is _eflnel _- .nro'zlezsta:-.-._._e._...." "

_-_')"_p or after each rectification :n=e,,--'_".....

..... a.._aneous oWoit e!emen%s a_. rf_:_ eq_atlon _-= _ .- _-__:

e =Co + _eA

.£L = /'zo + Z_.Q

C0= C0,+ Lifo

l--

O.U_A. A,.C_A,*_NO,.:_.,.@c@m,om_,ow
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The first order osculating orbit elements given above are used to ap-

proximate the CSM state vector in inertial coordinates.

d. CSM State Vector Computations. Consider a fixed inertial axes (E-Frame)

X, Y, Z and an orbital axis x, y. Let x denote the perigee direction and

let y lie inthe osculating •orbit plane in the latus rectum direction. If

the orbit is cirSu!ar, then direct _ along the asoeniing node, if the or-

+ A
bit is circular equatorial, then direct _ along X. Orient axes x, y with

respect to axes X, Y, Z by the standard angle rotations_, i and O_ •

Tr.en, any vector descrlbed in the XYZ set viii have _ Ax and y projections

given by:

A
-_[s,n cosn÷cos s,nncos x

+ COS cO SIn 

TT_e CSM raiius can be defined in terms of _he eccentric anomaly and

projected on :he x and y axes. This gives:

_'.ere,the eccentric anoc_!y E can be defined in terms of the perturbed

*_" _ .or....L,._cztj. Substitution of (b-!2) and (b-I3) intomean m _lo., and _ _r_ " ,-

I

i ./

(h-il_) gives an approxi_2te specification of XE/C, YE/C and ZE/C at time

t.

Differentiation of (b-14)yields the requi_ed velocity components:

where :
.

_AT_ 22 April 1965
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A more sophisticated representation of the CSM state vector, vhich include

second order effects, can be found in the literature.

5. TechniqueS- R_ecommended Two-Body__CSMEquations of Motion With Alteratlon

of Earth Rotation Pate.

a. CSM Two-Body Equation of Motion. During integrated operation the AMS or

MSCC will generate the CSM state vector interface with block B-90. When _

ever the L_ operates independently, however, it is proposed to generate

the CSM state vector based on a spherical symmetric force field:

The solution for central force motion can be written in terms of four

scalar parameters (reference 12):

I

Scalar parameters f, g, f, g, (B-26) depend on the instantaneous orbit

radius, appropriate orbit constants and the difference in eccentric anoz-

(E_Eo) _cc ..... _caly measured from epoch (problem start t = 0). The delta = _*_

anomaly (E-Eo) is computed from Kepler's equation, using a Ne'^%on-Raphson

iteration technique, at any desired inter'.mi of time t measured from prot-

lem start (see B-25). Thus, CSM motion is kmown once CSM initialcondi-

tions rn/Co, .rn/co are specified. Subsidiary calculations are performed

to define the initial CSM radius, radius rate, velocity and an_alar momen-

tum components for use in other subset equations.

Equations B-20, in the form shown, will be used as inputs to the LGC

during the ascent-to-terminal.rendezvous maneuver (see reference 13, h!,

sheets N, O, P).

FOF._,G3H UV !

b. Alteration of Earth Rotation Rate. Technique 3 assumes that during the
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independent mode an accurate representation of LEM motion relative to the

CSM is essential; but the LEM-CSM motion with respect to both geographic

coordinates and inertial coordfnates can be compromised. Thus, it is pro-

posed to retain the CSM mean motion at its constant two-.body value but

alter the rotation rate of the Earth to artificially compensate for the

nodal shift due to the difference between Kepler motion and perturbed

motion. Obviously this technique introduces an error because the CS:,._ _ill

not occupy a position it should occupy if a true ephemeris were generated.

iT.is has no profound implication on astronaut training but it definitely

h_ a profound implication on computer size. Tne instructor, the subsys-

tems, and the visual displays interpret the two-body trajectory as a true

t._'ajectory and issue commands accordingly. Trajectories influenced by all

pe_,-turbations _ll always be available during the integrate d mode.

Tec___.ioue _ demands no change to the equations given on Sheet B. In-. J

stead, whenever a transformation from the inertial E-Frame to the geo-

._Z__-aphicG-Frame is required, the effective Earth rotation rate could be

gi yen by:

- - J'- cos o-
[ao(,-

(. LK_ Peiative E_uations of _btion.

a. __ne. al. As the relative LEM-CSM distance diminishes, relative motion

a,_curacy car_.ot be achieved by differencing L_.A inertial M-Frame cocrdin-

ares (A-If, A-12) from AMS or MSCC generated CSM inertial M-Frame coordin-

a_es. Precision must be lost due to numerical round-off and integration

errors implicit in differencing two large numbers of equal magnitude.

Furthermore, additional errors would accrue during independent LMS opera-

PORM G3_Ii REV I $,._ RE_ LED-500-5
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tion since rM/L includes triaxiality (A-IO) whereas rM/c (B-20) does not.

Thus, the primary motivation for introducing a LEM relative coordinate

system is to obtain an accurate representation of LEM motion relative to

the CSM during lunar separation, terminal rendezvous, and docking maneuvers

_ithout resorting to double mission techniques. Relative motion equations

are also extended to all Earth mission phases, since during Earth opera-

tions, it is of prime importance to determine the LEM position with respect

to an Earth-fixed frame. This technique results in equation simplifica-

tions.

b. Relative Reference Frames. The origin of relative coordinates is seL-

leered at the CSM center of mass. This choice is based on the consideration

that during integrated operation (LMS, MSCC and AMS), the CSM coordinates

supplied by the A_._Srill reflect triaxiality or oblateness and aerodynamic

effects. Hence, the perturbative accelerations on the moving origin lo-

cated at the CSM will automatically be included in the motion simulation.

?_Jo reference frames are particularly desireable to describe the LEM

relative equations of motion. These are a rotating local horizon, local

vertical H-Frame, or an accelerated but non-rotating M or E-Frame (see

Figure 5). With regard to Lv_S mechanization, a study was conducted to

ascertain _ich frame:

i. Simplifies LMS-AMS interface requirements

ii. Minimizes computer storage requirements

iii. Provides an accurate motion simulation

Results of this study (reference 17) imply that:

i. The accuracy requirements should be comparable regardless of which

coordinate system Is programmed.

ii. Additional AMS interface data are required for H-Frame mechanization.

FOILM 03_11 ItEY 1 0.44 ,E_m LED-500-5
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iii. Computer storage requirements are reduced if relative M or E-Frame

rather than relative H-Frame equations are mechanized.

Accordingly, a relative n-frame (n = M or E) _II be employed to define

LEM relative motion equations.

Consider a non-rotating coordinate frame located at _he origin of the

CSM m_ss center (Figure 5). Note t_t:

(b-,¢

,l%@

With re_pect, to the non-rotazing n-f+--e__.{,see h:-l):

Subs'ituting (b-!_) into "'-_,o', ,_,_ __, _i-:es -he desired LE.' relatzve motion

equations:

"=__ [
_LL/+

re!a-ire central force

gr a-._-at io.-.al acre!era:ion

,m,,.- rela-ive external

accelera-_ion

+ (A.-_o)
(_-__o)

rela-i':e ae ro _,,T. _-_--:C.
acceleration

+C_,.,,,.-_o,+) relative triaxiality or

oblateness perturbation

FOIM 0_'1 I11%' I 1-414 _+-50c-5 -- - .....
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Reference 17 concludes that, during the LMS training mission, the relative

triaxlality and oblateness accelerations (Pn/L" _n/C ) are small and can

be n.eglected.

Inherent in numerically integrating equation (b-20) is the loss of sig-

nificant figures in the bracketed gravitational term. This arises because

the radius from the central body to the LEMand to the CSM are almost iden-

tical. Numerical significance can be preserved, however, by redefining

{(r'.,l./I-.,c_--,} as follows (reference 12): Let,

,,p./=j I
where:

P= r_fcPE_ --2c°_°c]/c

coso_= P X_c+P Y + P
#' r_/c

(B-J3)

(b-21) and (B-iB), _ (P) takes the form:Then, by combining

-_ (P) = (14- P) "IZ -I (_-Z2)

The numerical difficulty can be resolved by either expanding equation

(b-22) in an infinite series in terms of P, or by rewriting equation (b-22)i

in a more suitable form. The latter tack is taken:

or:

=>r +3-!f (P) = "L i + (i-vPjiJ.

Note that equation (B-14) does not depend upon the difference between

numbers of equal magnitude. The final form of the relative motion M or

E-Frame equations can now be obtained:

l'OlIl Oilil fly I
, i • , j
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c. S-_!___tchio_ic. Consider the lunar mission_ Let two spheres of radii D1

_d _ he _a'_ __ -_ith th = cSM as origin. " ...._ ._ " _r:=e.._Terthe LEM lies within the

.... _>=_= rela:ive motion equations %ilI be used to define the trajec-

=_. motion outside the outer sphere is described by

-_ _=.= .....= ..-I0. As the L_ crosses either bo-<ndary fu%--ine..ial -"'........ DI, D2

s-W_::h izfic n_st he included to s_iZch from one set of equations to the

=:her vi:h:u: interrupting a c_mputer run. Automatic re-initialization

is re_-ily a_.:.._:__-_.... _y u__ing _q_=_sns-_ (h-!8), Note that C_4

--....... r_/_..o r., c tly p_....... __.. are always knc-_:. Consequen , as

-_= ......... -'_ --;="--;_---" _SZD,_ then eauatisns-__-_.__ can be initialized:

F = _,,,. - P.,c
-- /I,,. I',1/ . (B-02)

.-'.- I_L5 ":.::'e-me-;-;}.::_ /Z25 Z/) zls satisfied, then equations A-!0

Uu: 5i:-;_'.=_ , - _n% l., are inputted in or_-_r to eliminate any
_ __

__= ....... ; ..........._ ._..._i_c ani inertial LE,f equations.

-_-. "_: :z._:::_ed. "._ a-;:_v:_... employ relative motion equations

i"-_t.'.g_-L=----.E-:__ining _x=-c_es_=._ .. an_ therefore switch logic is

irre le-z_-z-t.

Rela:i','e Aer_;n___.ic Accelerations

a. Z=n_zal - Reiative aerodynamic pert_bations between the

_el-__clea,_ i_nishes_ as the relative distance closes. These

J
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perturbations are meaningful only if the vehicles are separated by a

large distance for an extended time duration. Once again a simple numerical

example will be instructive. Let the ballistic coefficients for the C_4

and L_4 be 200 and i00 Ibs/ft 2. Consider an extreme case where the CSM

altitude is i00 n. ml. and the L_4 is at an altitude of 200 n. ml. or

greater. A relative aerodynamic acceleration of 5 x !0-5 ft/sec 2 is

estimated for this configuration. This value is orders of magnitude

smaller than the acceleration available from LEM's translational attitude

jets and therefore should have no influence onpilo _ technique, system

operation, or the _V budget during Earth training rendezvous maneuvers.

It is recommended that relative aerodynamic perturbations be deleted

during independent _4S operation, but included during integrated LMS

operation. The justification for including relative aerodynamics is

that the AMS already contains the C_ aerodynamic forces and these

forces can readily be interfaced with equations (B-IO).

b. L_4 AerodTnamics - A simplified aerodynamic model is proposed.

This model must be consistant with the AMS aerodynamics otherwise inter-

face errors will result. The L_4 drag coefficient is assumed constant.

All other aerodynamic forces are neglected. Moreover, diurnal, seasonal

and solar activity effects on density variations are also neglected.

Thus, the L_ drag acceleration for insertion into equations (B-10),

during the integrated mode, is given as:

= " .... .
vector _R/Lrepresents therelatlve velocity of the L_vehicle with

respect to a rotating ear£h atmosphere:

f'OIL_@.121iI_ I 8-44
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_B-32_

•J- t_ ) is approximated by aThe density variation ( with alti_uze ,, L

rB _I'_ Altitude above a spheroidalseries of 'experimental curve fits ,.-_.,.

Earth (reference 18)i is represented by equation (B-33). The second order

flattening term can be neglected since it has a maxim-c_m value of approx,

imately 90 feet and consequent_; is trivial with respect to density

calculations. C_,_ aero_n_mlc accelerations required in equations _B-lO)

must be supplied by the ;-'__during integrated operations.

8. Conclusions And Recor_r.endations

a. i_ring integrated _,_ _era_icns/c5mputer storage requirements

cs_n be minimized and double precision _roblezs ce_n Tossib!y be avoided by:

i. Describing i!_./_motion relative to the CSM by a relative

M-frs._e coordinate system located at the C_,[ center of

mass for l'<nar mission cIerations -_:henever the line-cf-sight

d_=_=n_e less _har. _,_.7._x_.,a,,_*=iv_ one to four nautical

miles.

2. _scribing LZ.',motion relative to the 0S}4 by a relative

E-fra.r,e co_r_l.,at= system located at the C__.,center of

mass for all Earth orbit fissions.

_.t Never computing relaiive __unar.triaxiality- perturbations

4. Never computing Earth oblateness perturbations.

5. Computing L_4 aerodynar.ics based on a constant drag

coefficient and standard density tables, CSM aero-

dynamics will be supplied by the AMS.

REPOR? L_D-5OO-5
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b. During ind_dent _ 0Peration_a loss in trajectory

fidelity will be.accepted.To summarize, this loss in fidelity:

i.

ii.

Does hot affect the LEM state variables with respect

to the M-frame whenever equations (A-IO) are activated.

Does not affect LEM motion relative to the CSM whenever

relative equationsB-10 are activated except through the

relative perturbations which are trivial on a short

term basis and trivial based on the LMSmission

objective - astronauttraining.

Conversely_ this loss in fidelity:

io Does affect the CSM position relative to the M-frame

whenever equations A-10 are activated. Since the CSM

cannot thrust, the initial C_ state vector can always

be adjusted to compensate_ on a short term basis, for

secular differences between Kepler motion (B-20) and

n-body motion.

Does affect the inertial position of the LEM and the

C_4 with _respect to the M-fr_e or E-frame whenever

relative motion equations (B-10) are activated. This

is of no consequence during lunar training exercises.

During Earth training exercises, this means that the

localEarth terrain (MEP) as seen by the astronaut

would vary slightly from what the astronaut would

see if he were actually in orbit.

ii.

DA_ 22 April i_5
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Based on the foregoing, it is concluded that_ during

inde_ndent LMS operation:

ii

2.

3.

The CSM trajectory be computed using Kepler motion.

Relative aerodyn_micpert_bations be deleted.

The rotation rate of the earth be altered to compensate

for CSM ncdal regression.

_ORM G32| UV 1 11-44_ IE_rr LED-500-5
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C. LEM Rotational Equations of Motion

i. __P_se. - The purpose of Set "C" equations is to accurately rel_resent

the rotational dynamics of the LEM vehicle during al__! LMS mission phases.

2. Rotational Equations. The standard, rigid-body, rotational equations of

motion are given by equations C-IO. These equations are written with

respect to a non-_principaL body axis system located at the instantaneous

C.G. Body axes XB, YB' _ are oriented paralle I to the sy_netry axes as

shown in Figures 3 and 4. The more important time derivative moment of

momentum terms, representing fluid particle motions (fuel slosh)and particles

being transferred out of the system (damping), are combined into the moment

components _, MB, and NB. Instantaneous moments and products of inertia

are generated in Subsection III-I, titled, Weights and Balance. Product of

inertia terms are retained to account for non-symmetric loading conditions

resulting, for example, from a fuel or oxidizer leak or pump malfunction.

Equations C-II are the first integrals of equations C-IO and represent

inertial angular rates PB' qB' rB about the vehicle XB, YB' and ZB directions,

respectively.

3. E_ernal Torques.

a. RCS Torques. Equations (C-51) define the RCS torques with respect to a

fixed reference point. This point lles in the RCS plane of symmetry at

distances iI, and _ measured from the inner and outer thruster arms (see

Figure 3). Moments about the fixed reference point are subsequently

transferred to the vehicle CG (C-50), which is displaced from the reference

point by component distances_g I _ _ _ along symmetry directions XB,

YB' ZB" Transferring the moments, rather than computingthe moments

directly about the CG, results in al_ra_c simplification.

T Bars in this instance'do not represent vectors but component distances

measured from the instantaneous CG.

_ _n uv I,4, li_ LED-500-5
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b. Main Engine Torques, Th_ast components resulting from descent engine

glmbal nozzle action or ascent engine mlsallgnment have been ascertained

(A-30). The moment arm from the nozzle throat to the vehicle CG is

computed by subset equation 1-30:

(o-l)

Hence, the total moment about the CG is:

(c-3o)

c. _.'el Slosh Torques. The _erturbative ascent slosh force acts at the

geometric center of the empty spherical fuel and oxidizer taruks (reference

8). Consequently, ascent slosh moments induced (C-40) are defined by

the perturbative slosh forces (A-hO) and their corres;_orling distances

"'S ) '_d ' , measure! from the empty ascent tank centroid to the

composite vehicle CG. This 5oes not a}ply to the descent tank slosh

perturbations. Instead, the pendulum support, that characterizes the

origin of descent slosh perturbations, varies along the longitudinal tank

symmetry axis by a distan_.e _ (A-_7, see Fi_are L) measured from

the tank centrold. Accordingly, descent slosh torques depend on distances

_D 3 _-C_D,' + _O/_j-C_c_i _and -4 which are cos;uteri by equations

(I-20) and (I-30). _arameter A_c.an vary by approximately ±.5 feet.

Any sLmplification made to the slosh forces (Subsection Ill ,'A - _d)

will be reflected in the slosh moments.

d. Jet Damping Torqu_es

I. Jet Torque Contributior_. Jet damping torques are induced by the

rate of which mass particles leaving the vehicle are transferring

moment of momentum to the vehicle. Two factors contribute to the Jet

FOIL_ 032 i REV I II-414 .PoJ. LED-500-5
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torques during the powered descent and ascent maneuvers. First, Jet

torques about the instantaneous vehicle CG are generated by Jet forces

(A-TO). Moment arm components which reflect lateral vehicle CG motion

relative to the exhaust nozzle _N K are small and neglected.

-  .Dy. = 0

Thus, the first Jet torque contribution is represented as:

t

IVlDK ----
(0-2)

The second damping contribution results from the time rate of chan&_

of fuel or oxidizer inertia relative to the vehicle CG. This is

equivalent to the rate of change of fuel or oxidizer CG relative to

each tank CG plus a transfer term from the tank CG to the vehicle

CG. Prior tO expanding these terms, previous assumptions are re-

iterated:

i. The local CG of the ascent propellants is Invariant regardless
v,

of propellant mass left in the tank.

ii. The local CG of the non-spherical descent tank propellants vary

_ithin small limits.

ili. Lateral tank CG excursions are non-existent.

Within this framework, the rate of change of propellant inertia

relative to the local CG of each tank is zero. Moreover, only

longitudinal excursions are considered in defining the rate of change

of tank propellant inertia relative to the vehicle CG. Let distances

_ and _I define the plane of the composite ascent tank CG's

I

I

and descent tank CG's. Then, the inertia transfer terms are simply

(see references 19 and 20):

IEIN)K9 T."_;_I_-500- 5

DATE 22 April 1965

GIIUAIM_,H AIRCIAFT ENGINE|lING ¢O|POIAI'|OH

CODE 24513



- p,_ 37

O
_J

- @. •

M"_. _.;_-"= OCt,,,
II

Comblnir_ contributlor_ c-2 and e-3 yields the desired result:

--_ _ _M_- _A (_ _ ,)
(c-7o)

No.= -r__ (a_Z_ ,)

e. Order of 14agr.ltuleCheck. Equation (0-70) depends on the distance

parameter K - K_ _-hich can vary between limits of approximately

50 to 75 ft2 and 13 t o 17 _2 for the descent _.i ascent phases,

respectively (see reference 21). Nomi._l mission profiles require

controlled body rates on the order of 1 deg/se__. _.Lese data when

combined with a mass flo-; rate of 1 slug/sec, anl suh=_l_uted into

(C'70) give representative de.m;ing moments _.... _ _ v_'CF. %et'_ en a_pr_xi-

mately .2 ft-lbs to !.2 ft-lbs. Increasing the %ody rates by a_n order

of magnitude (!O°/sec) causes the moments to Inarease by an order of

magnitude (12 ft-lbs).

It is recommende_ that _ ÷_e_ torcfces be !elete! since:

i. Even for an e:_rera case the Jet torque_ a__ negligible eomrmred

to the RCS _o__e_T"capability of 22OO ft-ihs.

ii. Jet torques ha_,_no ird!uence on the _r£_a.O" nission objective -

astronaut training.

f . Engine Separation Torc3:es. An extensive in-_stigation is being

conducted to ascertain the stage separation torque pe_urbatlons (refer-

ences 9 and 22). Present Indlcations are tDmt these torques are large

and cannot be neglected. Furthermore, the moment a._mrelating the

position of force application to the vehicle CG is a time dependent

_ _, _, _ _E_ LED-500"-5
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variable. For this reason, the moment perturbations (C-60) are not

represented by a constant arm times the stage separation force (equations

A-60). The moment time transient, hc_ever, has a shape similar to the

stage separation force l_rofile.

Should future refined studies indicate a small moment arm variation

with time, then stage separation torques could be computed using an
"b

average, constant mon_nt arm times the stage force (A-60).

g. M_nt Summation. All external IEM torques are summed in subset (C-80)

for insertion lhto the rotational equations of motion.

During the integrated mode in the docked configuration, both the [MS

and AMS will solve the rotational equations of motion. This requires

that the A.M3 provide CSM external torques (C-81) relative to the LEM

body axes about the composite LEM-CSM center of mass. When docked, the

A A

LEM XB axis is directed opposite to the CSM XB axis. Also, an arbitrary

A

fixed roll angle (¢cs+ ¢) may exist between the LE:.:and CSM YB axes

(see sketch). Accordingly, CF_ external torques (LLsM, MCSM, NCSM) ,

_u

Nc

computed by the AMS relative to the CSM body axes are transformed as

FORMG321 |IV I 844 IEPO_T LED-500-5
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follows prior to insertion into (C-IO):

L¢ = -L sM

Nc : -N:s,,

' IP_.+ Crientation Co__c&taticns

(c-Sz)

a. C_r_eral. 2a---Isto all rigii %_ij s<----iLa_i....._ "=-- "-" the s_ecifl-

cation _,_ ;_hi_-le orientation --ith re-s.-_-t a -_:.-- "-::ri_-_te refer-

+
,_ = =_ - _-_ _---n,+:_e _ -'.S simulation,:_n_e.-. -,.e cosriJ_-:'-_tereference _=_l__te:, _ .

is :he _ne._ial ]':.or -Z _ -_ _a:h_. -h-n -l-_ -.-;e -k-f reference frame

?r.is chcize is r_ie _v _._._-_v+", -:_-.-'2_-----n-e.fa:_--= _%':i__--nt___=_ and to

_= _ - =_'_=.i _ v__su_ limp''i+" _ i -.i:ene-__r:1%=_:r; =. referense framei--: r.+ °--'- - _ -=

__ _: vIDr.in -h_ _--_, "L-e-- _

,..:i__e :rlent_.-yi:n Ig _L-_uLa_.i h:.-_n-e_-:i--_: -he r::.5.c.-i

ra__s a.-__C_:a--nel (3-l'_;,. ...... : .-_ _ -_-

-_--+;'.._.._. o_-. he .=g_r_r£:el =_-- :+:her:

_._ :he -uLer .....-.'_-_ _%;.a_.cr+s ', . : .

" " "-" " 3),

i_+ _;'- cua:err.i:r, ra-- = _ " ': - - •

_= +_--': - .... "...... z2._s_ ec'iazionsv..-:- rate eq_tianz e:_ __-_ .+ _ : h.-._n_r, "_ :

: .....---- --_ :he milile ___-gle_ =_:::i :__ie._i rJzation

__-___he_ + ]r _--:_;s- _--:-'-_-+ ia n-. --ll:"-_.-fe..-;_-s _,s-_'_a!

l__k."_ _ a _-:-_" _-.-> ccr__imlra:icn, +;-- "--:- _ _-'_r rctation

"-',:esccinciie resii_ng in Ir2ir.iae _--.__.ar"-----__.-.ez ar_=-_'Larrates.

f:_an_- :. since an all

_ __ ta -_ _#-Ital sisolation.zt_i_',.ie s=--__':ili_7 is _si._i for - =ie-

GI_AN AI|CIAFT ENGINEEI;_@ COl _OIAT;-ON
CODE_tl,5__!
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Resort to an analytic description of a redundant four gimbal set is not

considered because of unwarranted complexity.

The direction cosine rate equations _ and the quaternlon rate equations

do not exhibit any singularities. It remains, therefore, to determine

which of these two techniques are best suited for IMS mechanization.

b° Selection Criteria. An empirical study (references 2B, 24 and 25) was

conducted on the 7094 digital computer to ascertain the relative advanta_

between using either direction cosine or quaternion rate equations to

define vehicle orientation angles for digital simulation. The relative

advantage of each technique was evaluated by comparing computer storage

requirements, solution speed and Euler angle output accuracy for a

variety Of numerical integration schemes and integration intervals.

Accuracy comparisons were made by matching digital outputs to an

analytical Euler angle solution for coning motion. Study results

indicated that the quaterniOn rate equations _ere slightly superior in

all categories. Hence, the quaternion rate equations, given below, will

be mechanized for _simulation (reference 26):

- ' - - e, r,)

(c-2o)

_3 = -z( ez Pa + @,_, - @, rB)

c. Euler An_le Matrix Operator. Physically, parameters ei represent

trigonometric functions of three direction cosines and a rotation angle.

The three direction cosines position a rotation axis about which the

rotation angle carries the rigid body from an arbitrary initial orienta-

l
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where :

tion to an arbitrary final orientation. Starting values for el, e2, e3,

and e4 are required in order to initialize (g-20). In addition, the

inverse problem of specifying a body axes orientation, given instantaneous

values of ei must also be defLned. Initial ei values are not k_own

directly since it is ass'_med that the LEM vehicle orientation will be

given in terms of Eu!er _gles @, _ and _. Th_s, the correspondence

between the four parameter set and the Euler angle set must be ascer-

tained. Prlor to defini._ this correspondence, it is first necessary

to define the LEM Euler angles.

LEM Euler angles are specified by a specific secfzence of ordered

rotations which differ from standard aircraft usage. _.e transforma-

tion from the iner_ial _ces (Xn, Yn' Zn) to the body axes (XB, YB' _)

is given by the foll_'ing ordered co'_.tercloc_u_-iserotations:

i. Pi_ch (@) about the Y reference _xis.
n

ii. Roll (_) abcut the new Z' e_xis so formed.

iii, Yaw (_) about the r.e7X" e_p.isso formed to give

XB' YB' _ directions.

The foregoing rotations a_ represented in matrLx form as follows:

+., +,+
+' S++/

(D-LO)

and"where:

cos_ co_g

-cos¢ s,n_cose
+Slh_sarJe

Slh¢ sln_Cosa
-cos @ slne

5jnW

cos_ cos_

-s_ cosy,

FORM G3_| l|V I 1-6,1 _EPo,n' LED-500-5
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It must be mentioned that Euler angles e, _ , @ described above are

not used to orient the astronaut's "8-ball" display. The "8-ball" dis-

play is activated by indicated Euler angles (_ IMU' _ IMU' _IMU' Sheet

L, references 13, 41). These indicated angles correspond to glmbal pick-

off resolvers and reflect the LEM body orientation with respect to the

physical, onboard, platform.

d. Quaternion Initialization. It can be shown (references 26 and 27),

that for each real, three-dlmenslonal, orthogonal transformation matrix

(c-4) there is an associated two by two imaginary matrix that relates

the initial vehicle orientation to the final vehicle orientation. The

complex matrix must; a) be unitary, the product of the matrix and the

transpose of its complex conjugate is unity, and b) have a determinant

= +I. These conditions lead to the following operator form:

H = e3+ Le. e, - [ez

Peal numbers ei are the quaternions or Euler parameters.

Proof is given in reference 26 that the following similarity transfor-

mat ion;

p' -- H (P) ('H)" " "

P = ×+L¥ -5

satisfies all the requirements of a real orthogonal transformation

(c-6)

operator when X, Y, and Z are interpreted as vector components.

Substituting (c-5) into (c-6) and expanding glves:

_0464@3_Itr4 I $44 ,E_m LED-500-5
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e, - e_ + e_-_ 2(e,e,+e_e,)I2 (e_e4- e, e2) a a

a(e,e_+e_e,) z(e_.es-e,_) e,2÷_-el-_/

Only three of the four quaternlons are independent, The fourth is

_-elated bothe other t.___eeby the equation:

e, + + ea + e =1 (o-7)

This dependency Corms the basis of a rectification scheme _'hlch is

used to meintain direction cosine orthonormelity (reference 28),

Consider the first orlered rotation @ about Y (_ = _ = 0). There
n

must be a one to one corresponlence between matrix onerator gijn(c-4)

and m_tr_< operator gij(D'_0)'7 Comparing elements of each matrix gives:

e,•

z(e,_-e,e,) - o
2(e, e3 + ea_) - stno
2(e,e, + %_) = o

z _ca --e --e_+e3 ,..., - i

e_ + e_ = cos e

z(e_e_- e,e,j= o

2(e.e. - e, e.) = -s,ne
(e, e_-+_, e,) : o

,e,• + el-e_ - e_: cose

(e-8)

FORM O32| RIW I |EPOIrI' LED- 500- 5 1 ''
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Set (c-8) is satisfied if and only if:

ez = e. = O

whereupon elements (c-8) reduce to:

Stone = COSL _

e 3 = _1 t'1 2_-

(c-9)

(c-lo)

But, it was indicated earlier that complex matrix H (c-5) represents a

real rotation. Hence, substituting elements (c-9) and (c-lO) into (c-5)

give s:

COS )

StY)

He _'s,n_= 2 C0$_ (c-zl)

Repeating this procedure for the second ordered rotation (_) and

the third ordered rotation (_) yields:

o cos-_- i.s,,_-_/

H_ : _,,,,_ cos¢_

(c-!2)

(c-!3)

The final vehicle orientation , resulting from g, _JB-nd _ rotations, is

specified by rotation matrices c-ll, c-12, c-13:

(c-i_')

Expan_:mg the right hand member of (c-l_) and comparing each element to

the :i:ft hand member gives the desired result:

i
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e3o = cos _ c.o_,_llo2+ sin

(Corn)

Equations (C-21) are used once during each r'__n. They specify the qua-

ternions at problem start based on kno_m initial values of the LEM Euler

angles _ith respect to the inertial M or E-frame.

e. Inverse Problem. Direction cosine matrix elements gijn(D-40) are kno-_T_

at each instant of time. It is desired to deter[ine the corresponding

Euler _ngles to use as drive inputs for gimballed visual displays (see

for exav.ple: J-lO, J-41 _nd J-60). As mentioned earlier each element of

(D-hO) _nst be identical to each element of (c-4). With regard to the

first ordered rotation, @ , it is seen that:

%_o e = -(-s,_e cos*) _ -J,_.
COSOCO_V/ -- _,, (c-15)

The ziddle rotation _ could be defined as:

or:

sin "_'

!
!

_Jwi_

(c-z6)

(c-17)

,,Emrr LED-500-5
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Similarly, the outer rotati_on angle could be given by:

" (c-_)

or: (sm¢_sine- cos_ cose s_'i,) s_ne,

(-cos ¢_51ne + sine cosg s_n W,)Sln e
+( cos ¢ cose - s_n_ s _n e ,sln ,l,')cose

_ d_-, s,_e +@zscase (=-193
- _J=, slne+ds_cose

Equations c-15, c-16 and c-18 have obvious advantages. However, as_

approaches + _ , g and @ are undefined. This is not consistent with the

requirement of an "all attitude capability."

"Gimbal lock" can be artificially circumvented by applying the follow-

ing logic to equations c-15, c-17 and c-19. As the middle rotation (_)

approaches_ (say ___ _ ), freeze g at its current value, but continue

to compute _. This technique will ensure that the sum @ + _ is correct

to order _. Realize that in the neighborhood of _= _:_ , the inner

and outer rotation axes are nearly coincident, therefore, the sum

g + _ is sufficient to specify a true vehicle space orientation. Gimbal

lock logic is not required whenever _ leaves the neighborhood given by

_ G ___ , since algebraic equations c-15, c-17 and c'19 are self

sufficient,

5. Conclusion_

a. Retain product of inertia terms to account for non-symmetric loading

condit ions.

b. Reference RCS torques with respect to a fixed reference point.

Subsequently, transform these torques to the instantaneous vehicle

CG. This technique results in algebraic simplification.

= .

RDI_ _,12111UW1 8,44 _EPOrr L._-500.5
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c. Simplifications made to slosh forces will be reflected in the' slosh

torque loop. _

d. Delete Jet dampi_ torques.

e. It is recommended that stage separation torques be computed from

separation forces based on a consts_ut moment arm. If future studies

indicate that this is impractical, then appr_xlmate the third order

decay characteristic by a linear decay characteristic.

f. Compute the vehicle-platform direction cosine matrix, based on four

quaternion rate equations_ rather ths_uslx direction cosine rate

equations. It appears that the quaterr_ions have a slight advantage

over direction cosine rate equations with respect to digital storage

capacity, solution speed and accuracy.

g. Lucorporate "gimbal lock" logic in the visual display subsection to

ensure s_uall attitude display capability.

h. A rectification technique to force ilrection Cosine orthonorm_lity

is recommended (C-25, 26). Should this tec.__uiquediffer from that

already programmed for the _2._, then discard equatior_ (C-2_, _.d (.... '_-,c._ / •

_ltM 0328 IIEV ! 8-44

. o
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D. GENERAL TRANSFCRMATIC_S

i. Purpose. _ The purpose of Set D is to generate the more important

transformation relationships used in the I_ Math Model. The transforma-

tion operators derived in this subsection are listed below:

Matrix

Operat or:

alj

C ,

:i.J E

cij M

fi.j

llJn

Transforms any vedtor

measured in the :

lunar inertial M-frame

inertial earth E-frame

inertial lunar
M-frame

inertial M or E -

frame

inert ial Earth

E-frame

window or t_]escope

or,tica! pq-fr_ne

to the:

Selenographlc
S-frame

True INU

reference

R-frame

True IMU

reference

R-frame

LEM body
B-frame

rot ating

geographic
G-frame

thus:

?S = alj _M

m

_R = cl JE _E

m

rR = ci r
JM _

m

rB = gij n rn

_O = fIjTE

r r
inertial = ii
Farth,E Cr n Jn Yq

Moon -M frame

2. Matrix Operator From Inertial M - Frame To Selenographic S - Frame. -

During lunar missions it is essential to position the inertial platform,

define the trajectory and provide visual cues with sufficient realism

relative to kno_nlunar landmarks. An accurate representation of the Moon's

motion is required to accomplish these tasks.

Let the selenographlc ZS axis be defined by the Moon's rotation vector.

A

Neglecting physical librations, axis ZS makes a constant angle of l°_.l '

(Hayn's constant) with the ecliytic North Pole. Based on Casslni's laws

FOIL_ G,1211UV I &._
• . _ .--.
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(reference 29), the ;¢le of the -V_cn'scrbls, P, 5eszr_hez a zza!l circle

about the ezllptlc pole In abou-b _ _ :.'ears ._=___-e_at -"_z__'=arc Z.;"- " -'-" b

contains the ecliptic pole, _;nlch :_s be_.__zenZ_ _-.___. ?.:-_, ;he l-'_r

eauator_ and the l_mr orbit ha_ a _-_-_ _ =/t-e..__-_-i=-___ -;_'_.... ._-ct to the

ec!i_Ic. Defire the XS axis to lie al:.z_=-?_.e v--- . --_--; -,,-= "._z_nthe

Moon is at the ascending nose ar.i zcn_:-.:.z__n-.'::__, =" =_';_- a::==__e__ sr _eri-_-e.-

relatiormhip bet-_men thl_ f_-<e! seLe-n_.Thic ° _ _ .

ne_.

-efer to -iglre 6. ?.:tare a:_:- t:'.ere _-.-_:: :..r."_--,..._., __ _""
...

_'_'_'It'" _:.i_ e_tahLizhez -he =" ":- _,'_-_-':

..... = _ =:," a.,e:,=,establish th_ ._.:s_snvszean a-:en!_ng :-±=- ._=__:i:= ._a" ak:u-

P:]:= a2.m Fn
(2-151

FOI_ 03_IIfly I II..14 --,.:Z--50:-5
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operator is:

po,_ 50

Combining equations D-13 through D-16 gives the transformation from the

inertial M-frame (fixed at problem start) to a non-nutating, selenographic

S-frame:

= a,.,,,.,2,,:,')e,.,
Equation (d-l) does not reflect the complex wobbling motion of the Moon,

normally referred to as physical libration. Physical libration represents

lunar oscillations which have total amplitude Variations constrained to

+.O4 ° and associated short and long period motions of 1 and 6 years,

respectively. A first order description of this motion is given by the

physical libratlon matrix presented below (references 29 and 30):

The desired orientation of the selenographie axis relative to the inertial

M-frame is f_and by substituting (d-l) into (D-If, 12):

Fs = aq _M (D-io)

The llbratlon matrix mud operator (D-16) have an insignificant varia-

tion during the course of any training session. It is,thereforej _ecommended

that these matrix operators be computed at problem start and maintained

constant during any particular run.

3. Matrix Operator From True IMU R-Frame To Inertial E or M-Frame

a. Earth Mission. - At present, the desired LEM platform directions

required for earth training exercises are not known. It is arbitrarily

assumed that the LEM platform will be referenced to the Earth launch

site at the time of launch. Let this position be specified by a known

DA_ 22 April 1%5
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Universal time measured in hours, H (E-Of) from Greenwich Midnight to

problem start and integer days D* (E-O1) from Greenwich Midnight

Dec. 31, of the launch year to Greenwich Midnight of the lmmch day.

These constants define the Greenwich Hour Angle relative to the mean

equinox of date (see loops E-O1 and E-!O). The position of the launch
)

site at launch is:

G F A,-k (D-21)

Parameter _f denotes the launch site longitude measured Eastward from

Greenwich. The ass-_med platform di__ction is space fixed and can now

be found by the following tD__ee ordered rotations:

A

i. Rotate about the mes_u spin _xis _ through R_.

ii. Rotate about the new _s axis so formed through the

launch site declination_E (positi_ North).

iii. Rotate about the new _"E _cis so formed tbmough the intended

launch az£._.athangle _E (measured positive East of North),

to give ass_med EaCh mission 71atform directions XR, YR' _"

The ordered rotations specify the transfo--_-ation:

b. L'_nar Mission. - The desired r!atfo._- orientation for all l_nar

mission modes, is based on references 3! and 32. _nese references state

•that the XR platform _Kis will be directed from the Moon's center to the

intended landing site at some nominal landing time, or take-off site at

some nominal take-off time. Moreover, the ZR platform axis shall be

parallel to the CSM orbit plane in the direction of motion. A precise

definition follows.

Consider a hypothetical mission. Assume CSM-LEM lunar im0ection has

Form 03=8 HV I 8-64 te_m LED-500-5
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taken place and that the CSM platform is inertially aligned to the M-

frame (or E-frame ). Subsequent to separation, both LEM and CSM platforms

must be aligned to new desired reference directions, These directions

are specified by the desired landing site selenographic longitude ( X_

and latitude ( _& ) as well as the desired nominal touchdown time, t*,

measured frc_ problem start to touchdown. Time t* specifies the inertial

position of the Moon, and henoe the landing site, at the nominal time of

landing. This ls_nding site position is fixed by:

i. First, compu'tin£ 8_headto ascertain the Julian date T* (_-01),

and days fr_ epoch d* (E-22) to touchdown.

ii. Second, csnputing the lur.aranl solar orbit elements based on

future times T_ and d* (E-20).

iii. _clrd, using elements (E-20) to compute the transformation

matrix a * at times T* and dW.
ij

-_ * s_clfies the inertial orientation of
Tr_forma_i_._ r_trix ai = .

t:_ .'._cnat t_oencmirml t_=_hi_, time t*. The landing site unit vector

m_asu__d in sel_no_aphic coor_ilnates is Pauown:

a -

Thus, the compznents cf _ transformel t0 M-frame coordinates

correspon_ exa:tly to the cc_'_,:nengs of reference direction _R

in the M-frame:

(])-33)

measured

A

Reference direction 2R is _arallel to the CSM orbit plane (refer-

ences 31, 32), This direction is fo=-med by the cross l_c_:luct of the

•

ii, J , , i

' _ Lzo-5oo-5
_A_ 22 April 1%5
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techniques will be employed to define the CSM orbit prior to the

separation maneuver; consequently, _MIiS assumed known:

•'% I I S

A

Whereupon referencedirectlon Z_ is:

or:

A
Orthogonallty forces YR:

2% #%

(D'30)

(D-30),

Combining the foregoing gives the desired _ _= _'",.r_ _orm.2_zo..m_trix :

= (D-30)

}_trix Cij is stoz_d in the !C.CcomzJ_ter an! subsequently used

to ali_u the phy_i_al _latfol_ (see .q_eetQ ..... ....._._:.,e,._e._ 13, b,l)

The LEM Platform i-_reali_.ed prior to take-0ff. C__ceagain,

directions XR, YR ani ZR are found, given the seleno_aphle latltude

and longitude of ..thetake-off site anl a nominal t_/<e-off time t*

measured from problem start. Time t* is given by the all,gable

launch windo_ variation which in turn is defined during prelaunch

operations (see Sheet N references 13, hi).

_. _atrix 0_erator From iner-.ial M or E-Frame to LF_M Body B-Frame

The transformation matrix_ gij(D-h0)_, has been defined in Subsection

IIl-C-_. This matrix is used to position the visual displays:

._ _LED-5OO-5
" _ATI_ 22 April .1965-
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5. Matrix Operator From Inertial E - Frame to Geographic G - Frame

Subset equations (D-60) relate the Green_rich meridian to the E-frame

and are used to: -

i. Specify the line-of-sight communication requirements between

the LEM vehicle and each Earth tracking station.

ii, Position the mission effects projector (MEP) during Earth

training exercises.

The Earth's m_an equator is defined by the _ -YE reference plane.

Consequently, a single rotation about the Earth's mean spin axis ( = ZG)

is sufficient to position the prime meridian relative to the E-frame.

6. Matrix Operator From the LEM Body B-Frame to the Optical Window W-Frame

Or Telescope T-Frame

a. General. Lunar landmarks, the Earth, the CSM, and star positions are

observed by the astronauts through either two forward windows, an

upper window or one of three telescope positions. Window and telescope

A

optical axes (Zpq) are shown schematically in Figure 7. Each optical

axis has a fixed direction relative to the body axes. For each viewing

mode, this direction extends from the flight station design eye to the

center of each respective viewing device. All visual displays are

positioned relative to this line-of-sight direction. Field of view

constraints are automatically included in all visual displays.

FOIM 03N UV 1 1.4,1
i
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Window and telescope transfoz__atior._are generalized by use of

dummy subscripts pq. Subscript p denotes the viewing device, either

window (p = W) or telescope (p = T). Subscript q denotes the viewing

mode, either left (q = 1), rlght (q = r) or above (q = a). The

generalized transformation matrix gi_n belo_ is based on ordered,

right hand rotations specified by Lnvit constants _pq, @pq, _pq

(see J-01):

(D-T0)

b. _i_ud_ Tra__sfo._mations. The left hsz.iwindc_ coordinate axes are

derived as follows. Displace the body axes from the vehicle CG to the

flight station design eye. Rotate ab_:t XB through +_l" Rotate about

the new YB' axis so formed t._ough a negati_m angle - _l" This

positions the left wlnd_7 _.xis frame XWL , YWI' _Wl" !_ote that _ Wo= O.

A similar proce!u__e is repeated for the right wlndo_. A negative

rotation -_r is follo-_d by a negati-_ rotation -%2"

0nly one rotation is requi_d to specify the above windo_ optical

axes, namely, a positi_ rotation about YB through @Wa"

co Telescope Tra_nsfo_E_._tlnnz.The center or above telescope axes are

given by a single rotation +@Ta about the YB _xis, _ree rotations,

however, are required to speoify the left or right telescope axes

relative to the bo_j axes. Co._ider the left telescope. _xes XT1 ,

YTI' ZT1 are defined by a positive rotation _T1 about XB, followed

by +@T1 about YBI , followed by -_TI about _I . The latter trans-

formation Is necessaz-j to sy_._b_slze prism rotation whenever the

Alignment Optical Telescope is slewed. Right telescope ordered

rotations are -%' +@Tr' +_Tr"

FORM @3:HIROY'l 04,4 ,,_o_ LED-500-5
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The optical axes can be transformed directly into M or E-frame.

coordinates by employing known matrix operators D-70 and D-_O.

where:

Hence:

, r T

Additional transformations, when required for particular subsystem

applications, will be discussed in the following report subsections.

Conclus ions

a. Matrix operator ai j transforms M-frame coordinates to selenographic

coordinates and is initialized at problem start. Negligible errors will

accrue if the libration matrix and lunar orbit element_ are held

constant during the course of a run. Element ._. changes by approximatel

•053 deg/day. -.

b. For Earth training exercises, the IEM platform is assumed fixed to

the launch site at launch. Reference directions XR and ZR are given

by the launch Site vertical and azimuth heading direction, respectively.

_OIL_ G3X I_Y I IkM
i i
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E. Ephemeris. _

I. Purpose. The purpose of Set E is to define the Moon and Sun positions

in mean Earth equator of date coordinates (E-frame), determine the Moon's

orbital elements, and generate the Greenvlch Hour Angle. Lunar and solar

coordinates will be supplied by JPL Ephemeris Tapes (Reference 33).

2. Problem Start Initialization.

a, Time. The JPL tapes are referenced to a 1950.0 epoch and require

Julian Date inputs at problem sts__t It is assumed that training

exercises will be initialized by the s_eciflcatlon of Universal Time

measured in hours H, end days D* of the launch year. Thus, these dat_

mast be transformed to Ju!is_n Days. This may requlre counting the

number of mean solar days from epoch January l, _713 B.C. to problem

start.

Consider a reference epoch of 1950.O (midnight December 31, 19_9).

Excluding leap years the n'_mber of days from this epoch to problem start

H
is 365 (Y - 1950) + D* + 2-_ " Teai [,_ar days, during the time span

(Y - 1950), are determined h,,/the integer value of N, _-here:

4 (Z-Ol)

_.e total number of days from the __eference epoch can n_ be foun_"

Having defined do, Julian t_me meas-_ed in terms of Julian centuries

from epoch 1950.0 is slmpl_:

Z5

I'AC_57 *
- --i i

This time is fixed at problem start and does not vary during the

length of any training mission.

_01_ G32| UV I 8.44 IEPORT ,,l_2.J .J_v .J
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Julian days, measured from January I, 4713 B.C. to date, are given

by equation E-22. This number may be required as an input to the

program.

b. Greenwich Hour An_le. The right ascension of the mean Sun, corrected

for aberration and referenced to the mean equinox of 1950.0 was obtained

from reference 16 and is given by subset equation E-IO. The" Sun's

meridian at problem start is employed to specify the time varying

Greenwich meridian with respect to the fixed mean equinox of date (E-IO).

3. Lunar-Solar Positional s.ud Orbital Elements. The position coordinates

of the Moon, _E/M' and Sun ?E/_ ' relative to the mean equinox of date are

outputs of the JPL ephemeris program. Therefore, subset equations E-SO and

E-31 should not be proud.

#

Lunar orbital element's (l_j _ p )_ and solar elements (_j ?_ ) were

obtained from reference 34 and updated from epoch January 0.5, 1900 to

reference epoch 1950.0. These elements are given by E-20. They are

employed to define the selenographlc transformation matrix aij. Also

included are the Moon's mean longitude rate _ , and nodal regression rate

A These data are employed later to define the linear velocity of

the LEM's subsatellite point relative to the lunar surface.

4. Conclusions

a. All planetary elements are computed with respect to the mean equinox

of date based on a fundamental epoch of 1950.0.

b. The JPL Ephemeris Program will supply the Sun and Moon position

coordinates, If this program also outputs the appropriate lunar orbit

elements and GHA, then Set E equations should not be _rogrammed.

FOIUA0.121lU[YI 1_4
• , ,, r,,,,, .,,1,m.=, |
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F. Rendezvous Radar.

,A_ 59

i. _. The purpose of Set F is define the line-of-sight vector,

measured from the LF_4to the CSM, in LEM body cocri _inates and _c ;rovlde

required inputs to the Pmndezv_zs Radar Su%system Yath Y_iel.

2. Relative Range ar._Velocity Vectors '.._as'_ed_ !2:.'_ody Axes.

a. Scalar Ran=e and Pen_-e P_te. _ Scalar r__nge iefines the linear

CG-to-CG distar.ce %et'_men the !D..'ani CS:.[.-mhi:les:

Scalar range __=to_ienctes the relati',_ se_aratlcn, or :losln_ s=eel.

bet_een the vehicles _.d is gi;__nby:

I-iN-dt
0

Parameter ?_ is a relulz_! z_nlez-,ous __nli:_klr.g i--_L_i.-__It.

b.......M or E-_-_m_ PaLati'._ _c,_snen_•_. ?:n=:nent " ___.ivelsciSle_

must be asce_aine! In orier to a:_i:'ate e%uatlcr__ (F-LC). ?r_e_e ia=a

are eom_ted _ _ ._o _eT-. -_ _.....".,

and B, LE:."motion is _-eneratel wi_h z_iect to either ".hei.-.er-i'=lM-=_-=

|

Ine_ia! :.'.-fr_m_L_::esuaticn__ az__= i;-atel iuring --:nat-_i_,oz

£ % . , is su-:ll.! it...-f._--exercises whenever _- (- TM _

coordinates regarile_s :e whether _he r_---.zn -zde i-- un-_ _=t_! zr

independent. A._or__..._,, uo:.'mzsicn reLa=" .. Dhe LYS[, _?.-_:._s_i

in M-frame coordirmtez, Is:

=r_l_--Ni c =
(--!l,I_,25)

Relative motion -.coriinates a__ ii._e_t _V_s of ez_-_atlcm(--lO).

These data are alvays co_teC during Ear-h mission _-/ez-=tlcns,and

lunar operatlcns _;hene-,_r,_" < _), . Relative motley_ ,-ectcrsduring

FOI_ 0311 UY I _o_, _-50¢.-5
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and _ , thus computed, describe LEM motion with respect to the

CSM. A change in sign is therefore required to describe CSM motion

relative to the LEM. This generalized vector, measured in E or M-frame

coordinates, is given as:

Switching logic is provided in subset equation (F-25) to discriminate

between _ * and ? * calculations based on inputs from subset

equations (A-IO) or (B-IO).

_* and _* are obtained, a singleOnce transformation relates
! !

the relative motion vectors to LEM body axes:

_ (F-23)

Motion measured between the LEM-CG and the CSM-CG is defined by

vectors and The following transformations are required to

describe relative motion between the LEM radar dish and the CSM-CG:

?j=

Vectors-_RR and _O%represent the displacement between the LE_%CG and

rendezvous radar dish, and the total LEM angular velocity. Thus:

It is recommended that equations (f-l) and (f-2) not be programmed

because:

i. At large distances parallax errors are overshadowed by rendez-

VOUS radar system errors.

ii. At relative distances less than approximately 50 feet, where

parallax errors can be significant, the rendezvous radar is no

longer operative (reference 35).
• . , , ,
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ParalLax corrections will be made, however, to the rendezvous and docking

visual display drive equations.

3. Pmr_ezvous Radar Interface Parameters.

a° GLm%a! __ngles. Presented in Figure 8 is a schematic representation of

_ rendezvous radar gimballing geometry. Consider a rendezvous radar

axes system (Xp/, YP_R' ZRR) fixed to the radar dish. Let the radar axes

coJ_n_.ilewith the _;:/body axes. Define _B.R'_RR mud _PuR directions as

the outboard, ir:zoard and boresight e.xis,respecti-_ly. Position the

r_iar ec:es by a rotation EI_ about YB , follc_,ed by a second rotation

.k_. at :a_ the r_e-.-X_ E:is so formed. The transform_tion matrix reduces
.-*D

to:

or, ,n e:,:--anded form:

slnE 

O

cosA_s

(f-3)

slnA_sc°_E"s J :_1%2osA,.s Sl n _'_

?_alize _;&_ z-_ --_e_.ifiesthe _ _ _ -'_-.-- __ -_. _i..e-o,zsi_n, iireetion between the

There-

(f-S)

V=; " "-"=--. ---:eY.3- )......... = c_m-.,,cnentdistanoes xp_ and yR_R must be zero.

f:re:

+ _. s_nA_cosg_

SOL_'---geq'Aazior__(I-_) and (f-5) for ELS and AL$ gives:

(f-5)

(F-21)

fx,sinews+
E

, ,j
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Gimbal angle ELS exhibits a singularity when the CSM llne-of-sight

lies along the LEM YB body axis ( _B= f_= 0 ). Geometrically, this

condition corresponds to AIS = + _ and ELS =0 • The indeterminacy, tan

ELS = 0 , is circumvented by introducing logic (F-_2) that forces EL$= 0

when _L = _b =O"

_e line-of-sight gimbal angle rates relative to the body axes are

generated by differentiating EIS and AL$ with respect to time (See

equations F-20, 21). Infinite rates exist when _S and _B approach

zero. Infinite rates are ameliorated by the addition of logic commands

@ @

(F-_2) that force either AIS or ELS to zero values whenever _B or

_$ equal zero, respectively.

b. Pmiar Subsystem .Math _odel Rate Input s. Five angular rate inputs

are required to interface with the Rendezvous Radar Subsystem Math

._._iel. ?;o of these rates represent total inertial angular velocities

__-_s"zrei_along the radar line-of-sight inboard and outboard axes. This

_";e_,,.__ the motion of the gimbal axes relative to the body axes plus the

motion of _he body axes relative to inertia[ space. Expressed mathe-

--atically:

0

m _

i

!

j 0

(F-30)

*_-T..elasz t._ree required rate inputs (PB' qB' rB) reflect inertial

angular velocities of the LEM body_ resolved along the rendezvous

radar trazklng axis. A distinction must be made between the line-of-

si_-m axes and the tracking axes. The llne-of-slght axes represents a

_.-pozheticalradardish which contlnuallypolnts at the CSM. Boresight
j - . ....

_.Dzss ncn include radar gimbai angle rates_.

mw

"_" 1x0.-500-5
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errors and servo system lags prevent the hardware radar dish, and

hence the tracking llne axes, from continually pointing at the CS_.

Physical system gimbal angles and angle rates are compute d in the

Rendezvous Radar Subsystem Math Model and are designated by subscript

TL rather than subscript IS.

Radar Subsystem _th Model inputs _L and ATL provide the link

required to define total LEM angular rates resolved along radar track-

ing line axes:

(D_b coSE.rL.

G) BLI, ---

('_Tt.

4. Conclusions

O

SinA_.Ls,nE_. l CO_ ATe.

c os ArLsInEr. -s lnAiL

sJnAT_cos ET:

cosA :cos  

(?-3z)

a. True line-of-sight distances and velocities, used aS inputs to the

R.R. Yath Y.odel, represent CSM-CG motion relati_m to the B-framm located

at the insta.ntaneous LEM-CG. ParalL_.: cor__ections, to compensate for

radar dish disDlacements relati%:e to the LEM-CG, are not included

because:

i. radar uncertainties overshai_; the parallax co___,eetlon.

ii. the radar is inoperative at re!atl;_ dlstan_es less thegn _0

feet.

iii. if parallax corrections are included then CSM skin track errors

should also be included, This represents unnecessary eom_llca-

tions.

DA_ 22ApriZZ965
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O. Landin_ Rada_

!. _. The purpose of Set G is to determine velocity and altitude

inputs for the Landing Radar Subsystem Math Model and for the Land Mass

Simulator. In addition, subsidiary calculations are made to determine the

slant range of each landing radar beam measured frcm the IEM vehicle to

the lunar surface. Set G equations are not activated during Earth mission

exercises.

2. Do,let Input_

a. The Moon's Shape. The Moon's surface velocity at the subsatellite

point and LEM altitude depend on the Moon's sha_e. A Land-Mass

Simulator will be employedto generate surface irregularities above an

assumed spherical datum reference (RLM_. The datum reference will vary

depending on the latitude and longitude of'intended landing site. (_LM'

)_LM ). Since the Land-Mass Simulator is designed for i0 specific landing

sites, i0 spherical datum references are envisioned (RLM ; j = i, 2,
J

3, 4, 5, 6, 7, 8, 9, lO).

It is common practice to represent the Moon's surface by a triaxial

ellipsoid (reference "8):

Parameters f' and f* denote the Moon's equatorial and polar flattening

constants, while aM represents the Moon's seml-major axis. Both the

seml-mlnor equatorial axis and seml-polar axis are foreshortened by

approximately 0.2 n.m. and 0.6 n.m., respectively, when compared to aM.

Equation (g-l) may be used to establish the spherical datum reference at

problem start. Thus, if the first intended •landing sight is at the

pole, then the Moon's constant radius would be _ - aM K l-f* ] .

k

POIIM 0_1 _ 1 1-44

'---, , ' , i i , i
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Altitude errors introduced by the foregoing assumption are small as

illustrated by the following example. The landing radar is activated at

altitudes below 30,000 feet. Assume the maximum surface range, measured

from the subsatellite point to the landing site will always be less than

llO n.m.* A llO n.m. shift in surface location on the reference trlaxlal

ellipsoid causes a n_Lximum seleno_aphle radius change of approximately

45 feet. Surface Irregularities included in the s _mulation will over-

shadow 45 feet. Moreover_ the spherical datum reference is approached as

the LEM approaches the l_ding site. Consequently, all subsequent

calculations are referenced to the spherical datum.

b. Velocity of Subsatel!ite Point. At _ instant, the T-2:."ssubsatelllte

point in terms of seleno_aphic latitude and longitu!e is F_now-n:

F /L

Hence, the vector com;onents of the subsatellite ;oint, measured in

selenographic coordinates, c_n be fo__nd:

(o-ze)

Accordingly, the lunar surface velocity is given by:

(a-z6)

It remains to determine the l.bon_stotal angular velocity _ .

* Actually, for the nominal mission, the downrange distance at 30,000 feet

altitude is about 35 n.m.
i iiii ii i

_ G3,a,_, 8_ IEPo_ LED-500-5
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Refer to Figure 6. Note that the Moon's nodal regression rate vector

is parallel to the ecliptic plane Also, note that the mean position of

the Moon is given by the mean longitude, _ , which is measured from the

mean equinox along the ecliptic to the mean ascending node, and then

along the lunar orbit. Since measurements are made with respect to the

mean equinox of date, which is assumed fixed, vector _ reflects the

i

change of the mean Moon's position relative to the regressing mean

ascending node. Consequently, _ is directed normal to the lunar orbit.

is equal to the Moon's mean rotation in its orbit.

directed along _ . Transforming vectors _ and
S

From Casslni's Laws, however, the Moon's rate about the north-south axis

.A.

Thus, _ is also

I_ to selenographic

coordinates gives:

_._trix operators akl and alm are given by subset equations 9-13 and D-15.

Equation (G-15) does not include velocities induced by physical

librations. These terms are neglected because, even if a conservative

libration amplitude of .06 deg/year is assumed, then the resulting sur-

face velocity due to libration is approximately 2 x lO"4 ft/sec, which

is insignificant when compared to a surface velocity of about .06 ft/sec.

for nodal regression and about 13 to 14 ft/sec for _ . NASA has

recommended (reference hO) that the surface velocity due to _ be neglect.

ed. This is reasonable since the _ contribution is 20 times smaller

than the _ contribution and will have no effect on astronaut training.

Lunar surface velocity components, measured in M-frame coordinates,

are now found as follows:

_ @3N _ 1 i_A ........... -_ LED-500-5..........
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(G-lO)

c. Velocity of LEM Relative to Lunar Surface. LEM inertial M-frame

velocity components are computed from equations A-11. The LEM velocity

vector relative to the Noon's surface is, therefore:

This relative velocity vector is transfo.Ened into body axes using matrix

operator giJM:

•

An additional transformation is required to generate !oppler velocity

signals measured along landing radar beam directions.

d. Landing Radar Beam Directions. _e Landing Radar Subsystem computes

three components of relative velocity &nd altitude ato_ the lunar

terrain. Effectively, these State _ar_meters are measured by four

doppler signals that are transmitted to the surface in a fixed beam

pattern relative to a landing radar plate (see Fi_are 9). Moreover,

the landing radar plate can be positioned in one of two knovm orienta-

tions ( C_, or C_Z ) relative to the ZEM XB-Z B body axes. _o landing

radar plate detent positions ensure t_hat the altitude beam ( _ ) will

be approximately normal to the lunar surface, as the TT.EMorientation is

altered during the powered descent and ho-_r-to-touchdovn mission phases.

Consider the orde_d rotations necessary to establish the matrix

operator between body axes directions XB, YB' and landing radar beam

directions D1, D2, and D4 (see Figure 9). A single negative

u_ LED-500-5

DATE 22 ]_pril 1965
GRUMMAN AiECRAFI" ENGINEERING C_)IIPOIIATION

CODE 26513 . "



rotation (O(j+ : F_K+ & ; J = I, 2; k = i, 2, 3, h) about the YB body

axis defines the altimeter beam direction , and locates the plane

A

formed by D1 and _2" A positive (__.Z) or negative (-/L t) rotation about

to
is used toIlocate_3.

-6,
vZ

m

vj

Combining all rotations yield:

:L__

A similar procedure

_he_e, (g-2)

-a, b,- c,-
az B_ Cz

a_ b_ C_

F_xed matrix elements a, b and c (equations G-h7, h8 and h9) are

tri_-nometric combinations of the posltive-valued, geometric pattern

angles 2 and__ Input angles, 2 = _ I + _ _ _ d _ : _ +

._ __ , reflect the nominal design angles of each radar beam relative

to the landing plate, plus calibration errors.

Finally, doppler velocity input signals to the Landing Radar Math

Model are found from equations (g-2) and (G-20): _-

m _ IS#5
% u-j

i_O - _
m

(G-_O)

Doppler signals Dsl , Ds2 , Ds3 do not include spurious velocity signals,

_ G321 RIY 1 le_ LED-500-5

D,m 22 April 1965
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transmitted to the landing plate, due to vehicle CG rotation rates _,

qB' rB' These velocities are small, have an average value of zero s,nd

are therefore neglected.

It remains to determine the actual altitude abo_ the lunar terrain

c

as _ll as the slant range of each radar beam.

3. Slant Range ;._asured A!on_ Padar Beams

a. General. Slant range calculations depenl on two geometric angles.

These are:

the angle _ measured bet_,een each doppler beam directioni.

and the LEM local vertical (see Figure i0).

ii. the angle @ measured bet_en each doppler beam direction
Ok

and the local vertical form.ed by the intersection of each

do;pler beam _,ith the l_uar surface (see Fi_are 10).

b. Local Vertical Angle. Angle AK is formed by taking the dot product

of each be__m direction (g-2) with the LEM radius vector defined _ith

respect to the landing radar plate rather th__n the vehicle C_:

('G-_+3)

where, the radius vector from the _.bon to the radar plate origin is:

(O-LI)

and where:

;OIM O321 ItIY1 144
m _ . ......

_EPom LED-500-5
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Vectors r"B/L and _'B/L are illustrated below:

Should _ be greater than _ , than an intersection between the

kth radar beam _ud the lunar surface is impossible. In fact, the

limiting condition is specified by the angle measured between the LEM

local vertical at the landing plate and a llne drawn from the LEM

tangent to the lunar surface. Call thls angle _ %hence:AX

._IF_ I_MA X = r;i,

If _K > _MA_ ' then the k th teem will not intersect the lunar surface;

consequently, _ =_(C--_3a). Logic given by (G-43a) must be programmed

to prevent a singalarity from occurlng in loops G-hh and G-h 5.

c. Surface Intersection AnFle and Slant Range,An_le

from the law of sines "whenever K "_ MAX"

Silo = RLM

O is computed
Ok

Angle OOk is a Landing Radar _._th _odel input that characterizes the

backscatterlng effect as each doppler beam makes contact with the

. lunar surface.

The slant rang_, measured from the radar plate origin along each

FOitM G32t ItlV I O-6d IIEPOm LED-500-5
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g

k_

doppler beam to its intersection with the assumed datum surface is:

d. Altitude Above Reference Datu m. Two idealized altitude signals relative

to the spherical datum surface are computed for use on the instructor's

_onsole. Altitudes hM/L and hM/LR are measured from the datum surface

to the vehicle CG and landing radar plate, respectively:

MIL.----

I (G-30)

?:.e difference in altitude (hM/b - hX/LR) mmy be as large as 8 feet.

"_i_'-_e rate is given by:

T_a_ Suzu_ace iri-e@_larities are not reflected by ecf_aticns (G-30 ,

-.'-_.,.Terrain elevation above the reference &at'am will be specified b_"

(G-30)

-:Y_ ]ani ",iss Simulator to modify the i:_eal altimeter range si_.al Rh.

7c._.__e_.sionswill _..uobe made to Slant range measured along doppler

-.__iscity "_eams RI, R2 s_nd R3.

L. ianl :,iss Simulator.

__. Z_nera!. A L_ni :._ss Simu!atcr, consisting of a film plate transport

an! _n o_ical-electrica! system, zrovi!es local elevation information

• r
for lO s_ecific areas of the ._,_on. ?he film transport represents a

;l__-_ar surface tangent to the .'.bon at one of the ten intended landing

sites. Each site is referenced by a known selenographlc latitude

(6LM) and longitude (_L_) w.hich forms the origin of a topocentrlc, two

,i!z_nsiona! coordinate frame _Lk" _LM" Vectors _LM and _LM are directed

r-.Ol_ G_I IEw ! $-4_. ,E_n , I_D-500-5
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L L L l

due East and North, respectively.

Surface irregularities above the reference datum are projected onto

the flat film transport (see sketch) and subsequently read by an optical-

electrical system. In essence, the optical-electrical system is

positioned relative to the IEM subsatellite point, where-upon an addi-

tional signal (_LM) is generated to locate the vector drawn from the

Local terrain__ k, f_ •

_k_ _/_-- Projection of subsate!lite

_ _ point on land mass datum plane

Subsatel!ite ooint_ i /" _ ___ Land Mass datum plane

'__.Spherical datum -

suhsatellite point to the altimeter beam intersection point (_/@j

see Figare ll). 'The amount of radiant flux that passes through the

film plate along the altimeter beam is ascertained by the Land Yass

Simulator and used to produce a voltaire proportional to surface

elevation (eT - see Figare !0).

b. Dri_ Coordinates YI_ s_d ZI_,I.Ln order to position the optical-

electrical system, it is necessary to determine the excursion of the

sutsatellite point relative to the film plate origin in film transport

(flat plate) coordinates. The required manipulations are discussed

below.

Cor._ider the trarmfo.-unationbet%_en land mass coordinates and

S-frame coordinates. Rotate about ZS through the longitude of the
I

landing site (_A_). Rotate again about the new YS axis so formed

through the desired landing site latitude _LM to give desired land

mass coordinates XLM , YIM' ZIM" In vector form:

FOiMA@3_I _ I |-44 .port LED-500-5
DA_. 22 Apr_ 1965
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0

!

!

0
_x

(g-3)

where:

ol (g-_)

LEM subsatellite point coordinates are known from _revious calculations:

(c--]._)

Moreover, the constant radius vector to the film.,t._.._vort origin

(landing site ),

or:

is also kno_T.;

(G-Sz)

Conseofaentl_#,equations (3-!L) and (0-51) ae_i._= the subsate!!ite._

point relative to the ls_nd__ss origin measux_d in S-frs_me cooriinates

(Fi_u-ezz):

m

-- to la__dmass coordinates, rib_Transforming _ rs

desired result, namely: .-

(g-_)

= Pij _r%, gives the

FOIL_ G325 _ ! I1-_1 " -'m_ I_-5oo'5 " " ' .......
:_,t 22 APr!Z Z965
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o

(o-5o)

Component XLM is normal to the film transport and hence is not _required

to drive the optical-electrical system.

Equation (G-50) reflects the difference (_s) between two large
j

numbers of equal magnitude (6 x lO6 feet). If the digital computer is

scaled to accommodate a variable range from 0 to 6 x lO6 feet, then the

least significant bit is about .7 feet. This means that as the LEM

approaches the landing site, the scene as viewed by the astronaut would

exhibit an erratic or Jerk motion equivalent to approximately 1 foot.

To elkminate this erratic motion it is reco_ended that equation (g-5)

be reformulated.

When the Landl Mass Simulator, or Landing and Ascent Image Generator

J

becomes active, initialize equation (g-5):

(o-52)

Vector _s can be computed by integrating the LEM velocity relative

to the lunar surface in selenographic coordinates, hence:

i"

• ' .....',_ zzD-5oo-5
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D

J

Where:

- =
- as computed in (G-53) is inserte_ into equation {G-50).Vector _ rs

:' 10 4
With regard to computer scaling, _rso is on the order of i2 x feet.

j- -Hence, sdt also varies between 0 and 12 xilO 4 feet. The least signifi-

cant bit therefore is about .O1 feet. Visual display irreg-Alarities of

.O1 feet are imperceptih!e to the astronaut.

c. Azimuth Drive _g!e, _a_. Azimuth angle _ I_ depends or: _ r 4.

Vector _r 4 is measured from the subsatei!ite point to the intersection

of the altimeter be_._ with the reference !tunar surface in L_nd Mass co-

ordinates. This vector is fo:&nl as follows. Determine the slant range

vector in _ "-_od_ coordinates:

x l,I
m _

- -1'

L
I

J
0

f r-

kG-oI}

Use matrix o:er_.tor. D-!O and D-40 to reoo_,'e rB/4 from body cocrdinates

to se!enographi_ coordinates:
I

r_t,

_[4 "--- rSl4

w

t

0
(c_,--6'_)

Given the norinal altitule te_m vector rs/4, the drive vector in se!eno-

graphic coordinates car. now be determined:

L -506-5
DA,_ _2 April 196.5
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Transforming to land mass coordinates gives:

-

_slL-- R_sAt _sl#

(¢-6)

Whereupon the desired vector measured in land mass coordinates is:

Hence, the azimuth angle drive measured East of North reduces to:

(s-6_)

(o-6o)

ii
]

(s-_)

__ , , , , ii

DA_ 22 April 1%5
OeUMMAN A,,CtAF, ENO,NEE,I.O COtPOaATION.

COD!16111

The significant figure problem discussed earlier is also evident in

equation (G-63). Equation (G-63) is not modified. The reason for this

is that Vector _ T (G-63) is n_ used as a visual display drive
s/4

parameter. Instead _ _ defines a terrain scan azimuth direction.
4

Thus , erratic motion (on the order of 1 foot) in _ _" cannot be sensed
s/4

by the astronaut in any of the visual displays.

Given _' YLM' ZLM and #@ , the Land Mass Simulator auto-

matically outputs surface elevation, eT (see Figure lO), normal to

the film transport. This signal is resolved along the altimeter beam

and mixed with R4 to yield an indicated altitude R¼ :
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5. Conclusions

a. Lunar surface velocities due to the Moon's libration and the _5on's

regression rate_ are small and neglected.

b. The lunar radius at the subsatellite point is based on a spherical

model. During any run, the lunar radius (RLM) is specified by the refer-

ence radius of a particular landing site. This reference radius repre-

sents the L_.d-Mass Simulator datum surface Used to generate local ter-

rain irre_alarities.

c. _purious doppler velocity signals are neglected. These velocities are

cauaed by LEM-CG rotations coupled with a displacement between the land-

ing radar plate and the LE_-CG.
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H. LEM Communication Rle_ulrements'

i. Pur2ose. The purpose of Set H is to determine whether or not the LEM can

communicate with either the CSM or Earth tracking stations. L_-V_F antennas

are used to communicate with the C_. An S-band antenna or two fixed, coni-

cal 10g antennas are used for Earth communications, while in lunar orbit or

in Earth orbit, respectively.

2. LEM-CSM Communication Capability

a. Line-of-Sight Viewing. LEM-CSM visibility constraints are based on the

orientation of the line-of-sight vector _* relative to the central body.

During lunar or terrestrial operations the Moon or Earth, respectively, is

regarded as the central body. Geometric visibility constraints are general-

ized and apply to either mission mode.

As shown _n Figure 12a_ visibility is assured if R* is greater than the
C

Distance R* is computed below:
C

R_ = r',,/c sin B c

central body radius.

But :

Sin _c =

Substituting _h-2), into !h-l) gives:

eo_ _12'I HV t 144

Angle _cis defined by the scalar product of rn/c and _n/L' or:

F./c • F./-
cos = le /:l IF ,LI (H-t2)

Visibility may also be possible when R* is less than R . This condition
c n

is tested based on a c_nparison between angles _and _*, defined in Fig-

ure 12a° Note that:

cos(TJ= ("'")
r_c

LED-500-5 .....
22 April 1965
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Equations H-II and H-12 are interpreted as follows:

i. Visibility always exists if R_ _ Rn provided 0_C_L_c*o

li. Visibility never exists if R_ L Rn and _C_*"

ill. Visibility always exists whenever R* _ Rn-

b. VHF Antenna Orientations. Even though the C,_.[ _nd L__4are visible to one

another, the CSM and LEM-VHF antennas may be misa!igned such that a high

noise to signal strength ratio precludes communication. A requirement is

established, therefore, to define VHF antenna orientations. These orien-

tations are specified by the angles:

i. _Li, measured between the LEM antenna smd the ilne'of-sight.

ii. _Ci, measured between the CS.[antenna and the line-of-slght.
r

iii. _ii' measured between the !2D4and C_: antennas projected on a pl_.e

perpendicular to the line-of-sight.

Angles _Li, _Ci, &rid_ii are required inputs to the Co_m_nication L_th Model

Each vehicle has two VHF antennas. At _ny instant, only one _ntenna on

either vehicle, selected by the astronauts, will be used for co_Lm_&nicatlon.

_e choice of antennas must be inputted to the _,iS L_th Model.

Consider angle _L_ calculations. The direction cosines of each _._ an-

tenna relative to the LE4 body axes is known:
A

Similarly,. the direction cosines of each C_.[antenna relativeto _he Cz.,.='

body axes is known:

..,.,. A _ A

- - + C_i j + (H-s,)• _ _ C,_ _B_ Bc C_Ksc

^ ^ L -- 1,2

Vectors ii and ci are further resolved to M.or E frame coordlnates:

A

FOItM G3211_ I 0,,64
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During independent operation_ the CSMantenna direction cosines (H-S1) are

A

required IMS inputso The LMS will compute the CSM, n-frame vector Cni

(H-53). During integrated operations, however, the AMSwIII compute all

CSM-VHF antenna directions.

The desired angles measured between the llne-of-sight direction, _*,

" and each antenna directlon 'see sketch) can now be found:

cos _,_= IF'l -

cos _=_--_ o _ _ _ _r- i_1
In order to define angl@ ;ii' the .directions normal to the planes

formed by the L_,_. antennas and _*, and the C_" antennas and _* must

first be ascertained. These directions are:

A _n[X

C._x P

A

cos;_= -_._
Now, ;ii is :

o__2__

(H-54)

3. LLN-Earth Tracking Station Communication.--_Cal_abilit__ _.

a. Earth Station s. Earth tracking stations will continually communicate

with the L_4 vehicle. Each ground tracker is specified by a geodetic longi

tude _ , geodetic latitude _ and elevation above the reference spheroid,

H. Station coordinates resolved to the mean equinox of date (E-frame) are

................... ,,,o,, L_-soo-_ .... .......
_ 22 April i_65
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I

,rreference 2) : "-. ",_:_,.,,

X 6L = (R C; + COS COS(GHA

L = (R,$i+ H )sln

Earth constant Ci corresponds to the radius of curvature in the prime

vertical plane. Parameter GHA (E-19_ represents Greenwich Sidereal time.

It was recommended earlier, Subsection III-B-5, that a modified two-

bo<v solution be used to compute _-C_.: motion during independent i/.[S

operations. On a short term basis, the two-body assumption has a trivial

effect on co_.unication capability between each gro1_nd tracker and the

_.L The communication capability is affected by how often a particular

tracker can sight the !_4. i;atur,ally, a difference in this phase relation

must exist _hen t_o-body motion is compared to n-body motion, because,

the T_E_ mean motion is altered and the nodal regression rate is elimin-

ated. As mentioned earlier, mean motion ch_.ges can be compensated for

by adjusting the C_! initial _ _ ' "s_a_ vector primarily altitude) to account

for secular differences between Ke=ler and n-body motion, in addition,

a nodal regression rate correction can also he made, if desired, to mod-

ify the siderial GHA such _'_ _ to order, a_._a_, the first proper LF_,[-gr.o'_nd

station phase relation exists. This nodal correction would be In;

_henever an independent I/4S Earth training exercise vas initiated. Earth

nodal regression rate corrections are neglected during independent I/.[S

lunar mission exercises.

The regression rate correction is made in equation (H-20) by altering

the sine and cosine arguments to read GHA +;_io/_t instead of GHA +2%£ .

Rate _ is defined by equation (H-22).

i

, i
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L_._-Ground Station Visibility - Lunar Phase. The L_4 communicates wlth

each ground station by means of an S-band antenna. Ideally, this antenna

is directed toward the Farth's center. As shown in Figure 12b, communica-

tion may be possible if a clear line-of-sight (rGi/L } exists between the

ith tracker and the LE4, provided the LEM is within the tracker's eleva-

tion constraint ( _ _ limit ). A clear line-of-sight is based on distance

Ri*, measured from the Moon's center normal to F_L/A, and angles 0"ELand

(r-F4.*which are defined in the same sense as angles _'@ and _* given in

Figure 12a. Thus :

R_= r6j_ (H-32)
where:

(H-_)

_ F_ • ffM/L
coso-_= Ir_I I_.,_1_ o_-_-_ _ (H-_,>

and:

W_ IRM
cos E_= Ir-_I ; o-__ __-_ (H-32)

TT.e tra_.iKerelevatior, angle, _, is defined by the tracker local hor-

A

izcn and the tracker-L?.."line-of-sight. Since direction F-K/G_ represents

the lccal vertical cf each gro_,_ndtracker, it follows that:

F,,G_•_
cos s,r = Ir , ,l l&, i

But frc_ .'.H-33)_(

A_sociated with each ground tracker is a minum-_unelevation angle _miCi:_

., , ,
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below which communication is non-existant. _ze reason for this constraint

is due to unacceptable noise levels _nenever the radar dish is pointed

near the horizon, and the existence of terrestrial ohstr:ctions such as

motuntains. Accordingly, _ limit would be a function of tracker azimuth

angle. It is recommended, however, that a maximum value of _llmit be

selected and used for all azimuth smgles. This results in a gross simpli-

fication because there is no requirement to compute the azimuth angle or

program the function _Llimit versus azimuth angle for each gro_d tracker.

For the lunar mission mode, the foregoing information is resolved into

_..efollowing compact L_M-Earth visibility logic (see H-_0):

i. Communication is not possible if the tracker elevation constraint

is not satisfied 'sin _ _i sin _ _ limit ) because either the s_a_io. _.

is on the hack side _of the Earth or an "c.acce;table noise level ex-

ists.

ii. Communication is not possible if the tracker elevation constraint is

satisfied rslng_Isin _ limit) but _ *_ = and _K >_*

'-.hiscondition corresponds to the _.[ located cr.the hack side of the

Moon.

iii. Comm_.ication may he possih!e _:enever sin _ Z sin _ _ limit and

or

_"_ _ _i" _.ar _..:e..ev_othe visibility re-c. S-Band Antenna 0r_e.._a_io.. F._.ase."'_ _ _

quirements are satisfied, a final test must be made to determine whether

or not the L_ can communicate __th the Earth. This test demands that

the S-band antenna be pointed in a desired direction and remain w_othin

a!lovable gimbal limits.

Ideally, the antenna should be pointed tovand the Earth's center

'lunar mlssion). This direction is:

,_o. _)-5oo'5
_A_ 22 April. 1965
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Resolving equations H-_3 into body coordinates gives the direction re-

quired for S-band pointing:

Figure 13 presents the S-band gimbal geometry.

(H-45)

This geometry corresponds

to the rendezvous radar gimbal geometry (Figure 8) discussed earlier. Thus,

rendezvous radar equations f-3, f-h and f-5 define the relationships between

9c and _c' respectively.

S-band coordinates and body coordinates provided ELS and ALS are replaced by

The desired S-band gimbal angles, for Communica-

tion, are therefore:

t aaqec _ (H-_O)

-Y8tan ¢o =
xs. sin e_. _e.cose_ (.-_2)

Angles 9c and _c are inputted to the Cozzunication l.',athModel and compared

to the allowable S-band gLmbal angles. If @c and _c lie _thin a!lo_'able

limits, then communication is possible; otherwise, the L_4 orientation

must be altered before com_.,Jnicationcan commence.

d. L_4-Ground Station Visibility - _$_ _. Phase - The only visibility re'

quirement for Earth mission exercises is that the L_K lie within acce;t-

able tracker elevation limits. On this basis:

=
Ir v l (h-4)

But:

JL = _ - ra/6_ (h-5)

Consequently :

Sl in $6 =

, - ..

•t,-,,-
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is assured _hen sin _i_ sin _" H-3_).Vl Slbility
limit

e. Conical LoB Antenna Crientations. Two conical log spiral-fixed antennas

are used as an emergency backup for the S-band steerable antenna when in

lunar orbit and for Earth communications when in Earth orbit. The signal-

to-noise ratio is dependent on the angle measured _etween the antenna

#%/

direction _ and the line-of-sight direction !see sketch).

The body fixed antenna directions are known:

Fn (% Z_rd_,@fLuter
Mistio_)

_ffL (ToGrou_J 5f_t,_ fo_.
Ea,"t/_ H,ss,o.)

i.= t_t.
Resolving these directions _ _ u_n_o .. or E-fr&me coordinates gives :

If the _[,_"_ "_ _"...... m,_e ....as are used for comm'_rication during an emergency

s__$oua_o._"- _._"le.._ in lunar orblt_ then the angle required to determine the

signal-to-noise level is:
-- #%1

COS _L =

_ring all Earth Mission .phases
#

_ere :

h. Conclusions.

comPute _ as follows:

a. Alter therotation rate of the Earth to compensate for I2_,[-ground

tracker phasing during independent R4S Earth mission modes. Tnls incre-

FORM G32| REv 1 _,o_ LED-500-5
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ment in Earth rate corresponds to the CSM nodal regression rate.

b. Ground tracker elevation _constraints are assumed constant rather than

a function of tracker azimuth angles. The elevation constraint _
limit

may be conservatively or optimistically selectea.

I_ltM O,,lX _ I Odd
,,I,, |
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I. Weights and Balance.

i. Purpose. The purpos@ of Set I is to compute the instantaneous LEM mass,

center of gravity, and moments and products of inertia. Subsidiary calcula-

tions are made to define reference distances measured from the vehicle CG to

specific subsystem centroids.

2. 12_ _ss. An attempt is made to simplify the mass breakdown of the LE.!

vehicle. _._ss calculations, equation !-I0, are characterized by constant

and variable mass groups. Component mass contributions to each group follow.

a. Constant _sses. The total dry mass of the ascent (ml)and descent

_mli) stages are invariant initial •inputs. These constant masses do not

include prope!isz.t mass but do include expenda'_les ejected during the

ascent or descent phases. During an actual mission, mass is continually

expended in the form of vented material, gas !e_2_s, _Jaste m_nagement, etc.

It is am tmnecessary complication to generate ±he expendable mass profile

as a time dependent function. Instead, it is ass'_ed that all expendables

are included as a rigid part of the ascent 'm I) or descent (m_) stages.

In the event that the C_[ propulsion system ma!f'_.ctions, the _<

propulsion system will be required to initiate the trans-earth ms_neuver.

Since the _'. and C_ must be attached during this ezergency condition,

the total system mass must reflect the C_.[ zass, m . _ss m represents
c c

a constant input wtenever the vehicles are attached during independent

I_8 mission modes. _ass mc, together with component distances OC¢, _C

and _C, measured from the C_4-CG to the weights and balance reference

axes, will be supplied by the _x_ during integrated operations.

b. Variable .qasses. Variable masses include all propellants only. Main

engine ascent (mAj) and descent 'mDj) fuel and oxidizer masses are sup-

plied by the Main Engine Math Model (1-12). RCS system a and b propel_-

FOIMG32| UV I Ik_ IE_n LED-500-5
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lants are computed by the RCSMath Model and inserted as inputs to inter-

face equations (I-ii).

3. Instantaneous Center2of-Gravit[. The LEM-CG is found by summing the product

of all component masses and their local reference arms measured from the O,

O, 0 origin of the design reference system (1-20). Note that most reference

arms are constant inputs that remain invariant during any run. These include

the arms corresponding to the dry masses !Vl, Vll; v_oK_j_), the RCS

'v ), the ascent propellants (VAj) and the _DJ and _DJ com-propellants , Rj

ponents of the descent propellants. Component distances OCDj are computed

variables that reflect the combined mass centers of the rigid propellant CG's

and the slosh propellant CG's. The slosh proplellant CG is defined by the

slosh model pendulum support hinge.

Slosh forces are zero whenever the main engine is inoperative. For this

condition the propellantsmove to the tank periphery andmoment arm Z_OC
Dj

goes to zero (see equation A-48 and Figure 4).

h. Moments and Products of Inertia. Moments and products of inertia may be

computed by a direct or indirect method. Direct computations require that

each component mass first be located relative to the total vehicle CG

(v = v + vCG) and then transferred to the instantaneous L_4-CG. Component

reference distances,rV, are time dependent, since the vehicle CG varies as

mass is expended. Thus, the squares and products of each reference distance

must be continually computed. These calculations impose large storage re-

quirements on the computer.

Indirect calculations are based on defining moments and products of inertia

with respect to the invariant design reference origin and subsequently trans-

ferring these inertias to the instantaneous CG. Indirect, rather than direct,

calculations are preferred since reference distances, v, required to specify

ii

_ _n uv Ie44 nEPO_LED-500-5
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the inertlas vith respect to the reference origin _I-_l, 51), are constant

except for VDj. Even when the transfer terms are included (I-_O, 50), the

computations required to program the indirect method are less than those re-

quired to program the direct method.

Ascent and descent propellants are treated as mass points in all inertia

computations. The reason for this assumption follows (reference 36_. _el-

oxidizer slosh forces are considered as a perturbation to the rigid %odj

equations of motion. In the absence of viscosity, these first order fluid

pressure forces are directed radially outward from each tank. Hence, there

can he no moment induced by the fluid about the effective tank centro!d. With

regard to the spherical ascent tar_ the effective centroid coincides _th

the geometric center. Small motions exist between the effective, cylindrical

descent t_r_k centroid and the ..... ._._eo..e_c centrold _references 6 8_udv_ On

these bases, effective propellant inertlas are computed by ass_mlng that all

the propellant mass is concentrated at the effective t_uk centroid _T.ichrep-

resents the support hinge of the mechanical ;endu!_&m _nalog _see Section

!i!-A-h). _xpertmental data re_erence 3_) have indicated that "this a;-

proach of calc'_ating rigid bo_j inertias should give substantially more

realistic results than _ou!d he obtained by ass'_ing that the propellant in

each tar2< frozen and concentrating this frozen mass at its center of grav-

ity."

5. Conclusions.

a. The Z.!S will supply all C_ weights and balance parameters tothe R._

during integrated operations whenever the _and C_4arepb_slcally

attached.

b. Moments and products of inertia rill be computed relative to the origin

of the fixed _elghts and balance reference system and subsequently trans-

ferred to the vehicle CG.

IEPOm LED-5OO-5
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c. Fuel and oxidizer inert'ias will be computed based on mass point con-

siderations. The mass point is located at the geometric centroid of the

ascent tank and at the composite centroid defined by the slosh and rigid

masses for each descent tank.

d. Expendables are included as a rigid mass contribution to 71 and roll..

a11

I
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J. Visual Dis_!_y DriVe Equations.

i. Purpose. The purpose of Set J is to generate drive sigra!s for the Ext..ern-

al Visual Display Equipment (K_E). This equipment provides real world vis'

ual cues to the astronauts during all lunar and Earth mission modes. Real-

istic motion may be perceived through each of three windows or t._ee tele-

scope positions

Optical simulations are generated by four prlmaNY hard_m_e suzsystens.

Briefly, the star field is generated by a Celestial Sphere su'_system. _ars

can be occulted by the Moon, or the Ea_h, or _zn. A Y.ission _fects Pro-

jector "_..EP)enables the astronauts to view the lunar or Earth terrain _ur-

ing orbital operations. Detailed lanaing site vie,_ing is ......___o'_,_ _-_,.the

Landing and Ascent Lmage Generator. C-_,*visual sightin_s are generated _'"

a Rendezvous and Docking Image Generator.

_$o _a_oe_pt is made to define the mechanical-optical details of each hard-

ware item since these details are available in n,__erous Farrand doc'zzents.

An EVZE hardware s_&_a_," report is given in reference 37. Equivalent drive

signals required to activate each hari-_x_reitem are derived below.

2. Celestial Sphere.

. =_ fora. Gimbal Drives. Four Celestia_ S=.-.eres,one for each -_-n!o--_.i on÷

all telescopes, are used to _-'e_____.._ an ........._,_,,,_..star dlsTi_: "_ "_he _c

nauts. Each Celestial Sphere contains 997 stars referenced to "_hemean

ecliptic of 1950, of _nich 5h stars are used for navigation. Star motion

r__a .... to the astro-is simulated by positioning the Celestial Sphere -_ _-_

nauts, or more appropriately, relative to the hody-flxed optical axes

(Figure 7). : .

Presented in Figure!La is a schematic of the Celestial Sic.hereglzhal

•' )$ and middle (bpq'assembly. Motion about the outer apq ,_ gizhal axes are

I_ Footnote on next page
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shown. Inner gimbal motion is mechanized by rotating the Northern and

Southern hemispheres relative to a split ring which represents th_ eclip-

tic plane.Arbitrary orientations cf the sty" fiei_ Can,theiefcr_,be achie-

ve_ by-independent gi_bal angle lniuts epq,bpq and Cpq., For e;mmple,

let the Celestial Sphere glmbal axes be initially aligned to the window

axes Zpq, Sq' Xpq. Rotate through angle apq about the optical line-of-

sight axis Zpq. Follow this by a rotation bpq about the ne_ X' axis so
Pq

formed. Finally, follow this by a rotation c about the north ecliptic
Pq

pole to generate the general transformation between the Celestial Sphere

axes andthe optical axes (see Figure l_b).

I •

I

or '

Effectively, equations (J-l) represent the mechanical transformation

between optical and ecliptic axes. This transformation can also be gen-

* As mentioned earlier, generalized subscript p refers to window (W) or

telescope _T) viewing, while q denotes the viewing mode, either left (1),

right (r) or above (a).

• i
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erated from computed trajectory data. Recall that equations _D-80) relate

the optical axes to the M or E-frame. A slngle rotation about the equinox

Xn, through the obliquity of the ecliptic, _, Is sufficient to reference

the optical axes to the ecliptic axes. Thus:

_ri = nW r__rl (j-z)

_,_ere: __ I 0 0 J_,,_
CI-,2)

_ 0 cos_ _ne ;Jl_
hEjl_ o -sln(_ cos6

'J-ll Hence:Bu_ equation fj-2 _,is identical to equatlon

d

A_jn= n_ n (j-3)
_ b and c In

Solving for the _.kno_n g_._bal angle drive inputs apq, Pq Pq

terms of known elements nijpq, gives the required drive _ _'_
_np_s shovn by

equation '.J-lO)

Equation 'J-i0) "_"_'_e_.1_1_s a singularity _.en the middle gimhal angle

bpq apcroaches_ +--_-.Y/ ?n_,_s co.:d1_zon_"_" is circ'_¢ented hy the introduction

of gimbal lock logic (J-11). Logic (J-11) was derived based on the con-

siderations given in Section III-D-4e.

b. Lunar or Earth Cccu_ters. Mech_nlcal provisions are included to oh-

stN_ct the star field _e..ev___ _ the Moon or Earth appears in the _d_ndows

or telescopes during Lunar or Earth Mlssion modes, respectively. In

order to occult the stars, it is required to locate the Hoon or Earth rel-

atlve to the optical axes. _<is is readily accomplished since the posi-

tion vector of the central body (r-B/L, G-h2) in LE4 body coordinates is

known. Thus:

- - h (J-zo)
Superscript n denotes either the Moon (M) or Earth (E). The negative

R_,o."LED-500-5
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sign is needed to direct the vector from the body axes origin to the M

or E- frame ._rigln.

A disc of varying diameter is used to occult the star field. As shown

in Figure 15, the disc moves in a plane normal to the line-of-slght opti-

cal axis and has coordinates given by:

Parameter dpq represents the scale distance measured from the optical

axis origin to the plane of the occulting disc.

The field of view measured in the planeof the disc can be approximated

• is greater than
by a circle of maximum radius _Pqmax Whenever _pq

this distance, the central body cannot be seen. To ensure, however, that

the central body re-enters the window at the correct position, it is pro-

posed that angle 9pq continually be computed• Accordingly, when

Pq < _Pqmax' the disc appears as it should provided the central body

is not behind the line-of-sight. To provide for these contingencies, the
i

following logic is introduced (_24):

If Znpq_< O, then do not compute _pq. Instead,

ii. If Zn _ 0 and if _pq_ _pqmax then do not compute _pqpq , • In-

stead let _pq _ _ Pqmax"

iil. For all other combinations, compute _pq. Also, a!_mys compute

@pq"

The occulting discs for the upper window and telescope viewing modes

are driven by a mechanical device that requires cartesian rather than

polar coordinate inl_uts, thus drive coordinates are specified by:

FOILM_m IUlVI i,_m LED-500'5
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Occulting logic described above also pertains to equation 'J-22).

As the vehicle approaches the central body, the ho_,-'s apparent diam-

eter increases. This effect is simulated by representing the disc as a

variable _Tap-up reel containing mylar tape. The disc diameter and rate

of _rrap-up is proportional to the central angle _* (p max., Figure i0)

subtended by the !_{. Hence:

sin =
j on_ (j-2,)

i-m/u

A configuration can exist wnen the _,i is behind the Earth or Moon_

wherein _o_h central bodies occ-_It the star field. L_ring lunar mission

operations, Earth occ'_lta6ion will ce sjn_.eslzed byphysica!_; pasting

a configuration of the Earth on the Celestial Sphere. _he Earth's posi-

_io. in the star field __: he rased on the - _'=ar_- s rightascension and

declination relative to t:_ M-frame at proh!em start. Earth _arallax

will _e given by the mear_ Earth-Moon distance. Similarly, d'cring Earth

training exercises, the Moon is fixed to the Celestial Sphere based on

its right ascension and declination relative to the E-frame. Obviously,

motion of a pasted Moon or Earth across the star field csmnot be simu-

!ated. However, this should have no imfluence on L_'-astronaut training.

c. Solar 0cculter. As the Sun enters the field of vie_, the CRT light

intensity is increased. This has the effect of washing-out the star

field. The control parameter of interest is angle _O measured from
• pq

, ,m.

eepo. LED-500- 5
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the optical line-of-sight to the Sun s vector direction. Angle _@' is
Pq

computed as follows: Define the Sun's position in the optical axes sys-

tem:

w"

Vector rn/G denotes the Sun's_ position relative to the E or M-frame. Vec-

tor rE/@ is generatedby the Ephemeris (E-30), whereas _H/O is:

The angle subtended by the Sun is:

cos = I -

0 L_ _z.7r

Normal lighting conditions exist whenever the Sun is outside of the field

of view I _ _ _ _0 ) whereas, maximum lighting conditions exist when
Pq Pqmax

the Sun is within the field of vie_ _see logic J-3B).

3. Mission Effects Projector.

a. Location of T_4 with Respect to Film Strip Reference. The MEP provides

continual lunar or geographic terrain displays to the astronauts at alti-

tudes above approximately 1200 feet. Pre-selected terrain s_aths are re-

corded on film strips and displayed by a T.V. image generator. Each film

strip is scaled for five altitude ranges. As the altitude (hM/L; G-30)

diminishes or increases beyond prescribed limits, the film strip views

are dissolved into the next.

The film strip is positioned with respect to the projection apparatus,

based on the location of the vehicle's subsatellite point relative to the

film strip centerline (see Figure 16). It is assumed that all film strips

represent great circle swaths around the central body. If the nominal

I D_ ' 22 AR r 11 l 1_ _
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training mission orbits are equatorial_ then the film centerline will co_-

respond to the nominal orbit trace projected on the central body. For this

case3 film strip drive coQrdinates are given by the vehicle's selenographic

longitude and latitude (G-12) or geographic longitude and latitude.

If, however, the nominal orbits are inclined to the equator, then the

projected orbit trace will not correspond to the film strip centerline.

Tr.is results because the orbit trace on a rotating central body cs_nnot be

represented by a great circle patE. For t_s case, the subsatellite point

may be located by angles @f and _f. This point must fall within the con-

fines of +_h__film strip. Note that "Figure 16):

i. @f is measured from the film strip ascending node, along the film

strip centerline to the projection of the L_M radius vector onto the

film strip plane. For an e_uatori_-l°o_bi÷_ _ @f would he measured from

the X S or XG axis end correspond exactly tO_s/L or _G/L"

ii. _f represents the declination relative to the film strip_ plane _nd i:

measured positive northward. _?.enever _q_orlal orbits are consld-

ered, _ reduces to latitude.

Angles 9f s.ud_f, for the general case, are ascertained below.

Let arj desired terrain swath "film strip) be specified by a right as-

cension of the ascending node _'Z_ _ and an inclination _if). Film strip

axes Xf, Yf and Zf are related to _>_ reference central body axes as

fSllows :

_. --L

V_

cos

- SlnI f COS

Q= S

o]
_JGI

A
F,Q

. .,..d
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Equatorial direct orbits are specified by l'_f = if = 0, while equatorial

retrograde orbits ILEM) are specified by l_f = 03 if = 11". This means

that _f = ArQ.

The LEM radius vector in terms of selenographic (ltmar mission) and

geographic (Earth mission) coordinates is required. The former is known

(A-22); the lat_er is computed as follows:

"xG - cos GHA sln GHA o" -X_

YG = -s_ n GHA COS GHA 0 YuL (J_1)

_ 0 0 I _

It _S recommended earlier that relative motion equations, based on two-

bodj CSM motion, be used to compute rE/L during independent R_S Earth

mission modes. Consequently, nodal regression due to the Earth's oblate-

hess is not accounted for whenever this mode is activated. Accordingly,

after a complete circuit around the Earth, the astronaut would view a gee-

graphic scene that corresponds to the change in the Earth's _n_lar posi-

tion only. The real world scene would correspond to a view from a slightl_

different s_atial position due to the orbit plane regression relative to

inertial space. This "true scene" can be synthesized (first order only)

by altering the Earth's true rotation rate. For example, replace GHA in

(J-49 or D-60) by GHA-A t,where _ is given by equation (H-22).

Drive angle @f depends on the projection of rQ/L onto the film strip

reference plane. Call this projection P, where:
A ^

Now:

tanef = co$ =

H_It LED- 500-5
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and:

s, = cos( - = .%- (

Equations (J-40) reduce to longitude and latitudewhenever equatorial or-

bits are considered.

0

0

i.

b. Andular Drive For MEP 0_ics. Film strip terrain information is trams-

mitted to a TV vidlcon camera through a series of mirrors, lenses and

prisms (reference 37). The optical equipment is positioned by three angu-

* _-_ _* . Physically, these angles relate •lar drive signals, pq, and Pq

the optical axes system to a local terrain coordinate system (XT, YT' ZT)'

*_'here,asshown in Figure 16:

i. is directed along the local radius Vector.

A
ii. JT lies in the local horizon plane and is _aral!el to the plane

formed by the strip centerline.

A A ^

iii. k T = i T x JT"

Let all l,fEP drive angles "ce zero. For this condition the relation be-

A A

t_,een the optical axes rpq and the terrain axes rT is:
A A

Xpq = 7_2

A ^
Y =Y

pq T

A A

Zpq ---XT
^ a

To obtain any arbitrary orientation between r and rT rotate first about
Pq . '

Y_£ through the azimut_ angle _*- . Note that _pq --Pq is al'_ays measured

in the LEM local horizon plane. Iiext,rotate about the ne_"YT axis so

formed through an elevation angle Angles and position
pq Pq

the optical line-of-sight axis to the landmark being sighted, last, ro-

.

tare about the optical line-of-sight through roll angle _pq . The corres-
A A

pondence between rpq and rT is:

FOP_G3211IU_ I
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" r_)or: A "_ _ _ _ v ).

rn =
The matrix elements given by (J'6) are knovn from previously generated

data. For example_ the optical axes orientation relative to the seleno-

graphic (lunar mission) or geographic (Earth mission) coordinate system

Is specified by:

rrI _Jrl aj,:. rs (lunar)

(J-7)
(terrestrial)

From (j,h), the constant relation between rQ and the film strip axes sys-

tem is : A ,% '

%- M(nf,_# (J,)
rP_

Finally, equations (J-40) provide the llnk between rT and rf:

Xr

=

_T
I I

-cos elcos _ cosG#s,ne_ -s,nr_-

-s,n of cos e_: o

_ _- _,, zz A_rSZ ]-965
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o,: r-.r =M rf - (j-e)
. Combining equations J-7, J-_ and j-8 gives the desired tra.nsformation:

^ ' 7" ,T 3" . r _',.

I-f,_ == ]i,j "4JK MK.t(nPtT) Mg,_(Of,$f') r-T (,,T-4.S)

or equivalently:

Whereupon: - ; ....... "
A A •

" rp_ = _j rr (j-43)

Angles _p.q, and __q can now be found by comparing elements of_a__

and M( _ pq,* O" pq,* ____:).... _-,e solution is similar to the Celestial S=here

drives and is givenby equations (J-hi).

Equations (J'h2) present glmba! lock logic. This logic ensures a true

view of the Earth or Moon limb _henever the astronaut sights along the

 or,,on
• pq

h. r_anding sz.dAscent !mage Generator (L/A)..

a. Drive Coordinates YR: ez,d ZLM. A t?xee dizensiona! IuJ.ar Surface model

• _4- _:1 .is used to simulate the lunar terrain Each i.._e.,.ed2e.ndlng site is tel-

knotT: selenogra_hic latitude (_i/4)and longitude :'_ii,[)_hicherenced by a

forms the origin of a topocentric, two dimensional coordinate frame _,,,

1%

kLM 'see Figure 17). This coordinate frame corresponds exactly to the

Land 1,_ss coordinate frame described earlier 'Section iI!-G-4). Moreover,

the drive coordinates required to position the L/A optical headrelative

to the lunar surface origin are identical to the drive coordi._mtes require6

to relate the Land .Mass optical head to the Land Mass origin. Accordingly,

Land Mass drive coordinates YiM and ZIM (equations G-50 or giS) are also

R_I_ @klX UW I

used to drive the lunar surface table model.

$

i

. _e.. L_D-500-5 ..
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b. Angular Drives for L/A_ Optics. The _P optical head is identical to t_ e

L/A optical head. Hence, angles Wq' Wq and _ wqSe_e a dual purpose.

A single (L/A) optical head is used to present the landing site image

in either the left window _q = i) or the right window (q r). Switching

between window_ will depend on either the astronaut's or instructor's

discretion.•

c. Altitude l_ive For L/A Optical Head. An altitude signal must be gener-

ated to drive a focusing circuit included in the optical head. It is in-

tended to measure the altitude from the design eye to the lunar surface.

A first order parallax correction (g_O °) is given by:

Altitude _4Lis generated (G-30) by differencing two large n_bers of

equal magnitude (_6 x 106 feet). Thus, the least significant bit that can

be computed is about .7 feet. Equation :!J-9) therefore exhibits the s_T.e

erratic motion as the Land !._ss drive coordinates YR4 and ZR_ _Sutsecticn

!II-G-46). Altitude motion can be smoothed by initializing B_Lwhen the

and then integrating altitude rate to define _DE:

5. Rendezvous and Dockin_ Simulator.

a. General. Rendezvous and docking simulation displays depend _on the dis_

tan ce between vehicles. Whenever the LEM-CSM range exceeds 14,000 feet,

C_4 motion is depicted by a blinking light whose intensity varies with

distance. Between 143000 and 8,000 feet, the CS_ is represented by an

illuminated model. During these phases, •the rendezvous table carriage rsee

i
Figure 18) remains parked at a maximum distance from the _-scale CSM

03. uv, _, .port LED-500'5 ........
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model. From 8,000 feet to 530 feet, the table carriage is activated. C_

1

rotational motion is simulated by a two gimbal, _-- scale model. As the

1
relative distance closes to 530 feet, a three gimbal _ C_ docking model

is emp_!_ged. Swi_chi..g ocmars by the removal of a dissolve mirror and

reTers!ng the carriage motion.

Zrive signals _st te generated tO:

i. position the C_.[In the L_Mwindow.

ii. Define the relative orientation of the C_._ as seen by the astronauts

iii. Provide _he correct C_[ solar ill'&mination during all mission phases

iach item is discussed below.

h. ?eference "a_e__ Coordinates. In order to synthesize true vehicle

zotlcns, it is zandato_- to establish a rendezvous tah!e reference coot-

dinate systez. Let this coordinate system be defined by _nit directions

_i A A

_2_ _ '?_r_re 18). Let _ be normal to the relative distance table

"± ' i

anl direct _P_ Taral!e! to the carriage motion to,mind the _ C_.[ scale
A

m_lel. Cptical compensation ensures that _q is properly directed wren the

_z_ scale mo_el becomes active. Neglecting Darallax_ the true line-of-
s3

-- A

slxhz -.-ector_B is _-:.'_"_ directed along p- _--_- 3" The basic wrohlem, is to de-

_in = the true vehicle .... in.,o_o, table-top coodinates.

[_,_ical u=_d Zr!ves for Left and =_ght _.;in_ow "_= '-_o ....... . .... _. An optical head

is fixed to the zovahle carriage. ?his head represents the I_E4 _ve,_c!e

an_ is used to ..... _ t_e_cs_o .... C_,[ in the LE,[windows. The optical head

csnsists of a ;,cst and tr_.ni0n and has two degrees of mngular freedom

relative to the non-rotating table-top axes. Fixed to the horizontal

_ are two cameras positioned on either side of the post. These

cazerashave thesame orientation with respect to the post and trunnion

as the _ _-indow axes have with respect to the body axes. Thus, corre-

" -5oo-5 -
_*_ 22 April 1965
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spondence between the camera axes and the actual I_EMvehlcle axes, with

respect to the relative range vector _, is achieved by a rotation about
J

the post (_l) through angle _LS' followed by a rotation about the new

trunnion axis through gLS. The relation between the LEMbody axes and the_

table axes is therefore:

,'_8 co_ e_ snne_ sln_-_ne_co_

= 0 cos _s ssn_ I

or: ,, ( r-63)

Vector p_ , given by subset equation (F-23), defines the distance

measured from LE,[ CG to C_.! CG. Optical parallax corrections may beccze

i_portant as the relative distance diminishes. For this reason, vector

is redefined. Let ' be measured from the camera origin , _v

to the C_..."pivot poin: _.:_ch is assumed to correspond to a nominal C_.'

CG.

First, replace _8 by _'I_" Since the line-of-sight vector

-- _'along z_ the components of measured in table axes are

=_,'c.• Equations .'J-63) can therefore be written as:

Hence:

m

Drive angles _LS and @LS are derived from expression 'J-63) as follc-,_.

0 must lie

= O, _ = C,

I I

t o

ItfpOI_
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Equations (J-lO)are manipulated to give:

d. Optical Head_ives for Telescope and Overhead _[indo_ Viewing. ?he

Rendezvous and Docking simulator is designed such that the trurmion-flxed

right ca=era generates a C_,: image whenever the telescope modes are acti-

rated. Similarly, the trunnion'fixed left camera isemployed to simulate

C_.imotion in the overheadwindow.

Consider telescope viewing. Recall that the right camera is fixed to

the optical head or eq_vale ....y, the _.. bo_.- axes. Tb.e problem, there-

fore, is to define a new %od5- axes 'and associated optical head drive 8_-

@LS=q " o.....
gles and " _ that has the s_e __en.a.lon with respect to the

- Tq

telescope axes as the origina! %o_ axes has t_ the right window axes.

Tzis is accomplished b:,"rotating about the telescope YTq axes through
I !

y'
@_.,r_ followed b_- a rotation iq;r about the new -Tq axis; followed %y a

raster rotation rabout the new-Tq axis. T-.:ecorrespondence he.wee.,

the new %o_," axes and the te!esce_e axes reduces to:

t ! !

If rotations @ , _. and _ were equal to - %r' " _ and zero,;#r r •;';r :r

- _
res_ectlvely_ then frame T would bear the same relation to rTq as rB

has to _r" Hardware constralnts_ however, require that the optical axes

relative to the CRT be shifted by smgles @_ Tq and _ITq when viewing is

switched from the right window to the telescope mode. ?hrthermore, during

the switch from window to telescope viewing, a raster rotation or change

FOI_ C_1211IIEV1 H_ LED-500-5
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l

in scanning is necessary in order that the vidicon cover the Qomplete

field of view. These items are compensated for geometrically by defining

o

the elements of h:: as:
_JWr

Wr -- T_ Wr

#

ewr = eeTf - ewr (J-74)

r T|

Relative distance components measured in the new body axes must be

found. This is accomplished by eliminating rTq

previously:

Hence:

: 6 jT&

in (J-72). As shown

(D.-qO)

The relative distance vector "o_ must lie along _5 " Accordingly, opti-
W

cal head drive angles for telescope vie__ng are derived based on the s_me

The results are:reasoning described in Subsection 5c above.

"ram

PY'r'f

Optical head drive angles for overhead window viewing are derived in

a similar manner as above. Exceptions are that the right window sub-

script is replaced by the left window subscript and the telescope axes

are replaced by the overhead window axes.

e. Camera Switch Logic. Two cameras are used for three telescopes, two

front windows and overhead window viewing modes. Combination of simul-

_I_A I_21 ILW I 1664 u_ LED-500-O
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taneous telescope, front vie_-Ing or overhead wlndow C_.[viewing is impos-

sible. No drawback results %rith regard to telescope viewing since the

telescope and windowjview Cones do not intersect. In addition, when the

relative distance is less than 539 feet, thetelescopes are inoperative;

•consequently, the C_.icannot overlap the telescope and front window view

cones. During docking the C&_4 can be seen in the overhead and front

windows s_multaneously. _is cor!iguration, however, cannot be simulated.

As the C_ enters a particular view cone, it is proposed to automat-

ically compute the corresponding post and trunnion drive angles. To de-

termine _%ether the C_4 can be seen, approximate the field of view about

each optical axis line-of-sight hy a cone angle._% . If the C_[-CG

is within this cone _ng!e, then the appropriate post _ud trunnion drives

are activated.

A
_e C_ position referenced to the

_ne optical line-of-sight is Zpq.

design eye is . Accc.rdingl3'_the cone angle made hy Zpq

Cos.A.p - ( J'-7g)

o

-_-_ * in loop :j.v_ to
Angle .A_pq is compared to a!lo%_h!e _.._..e_/_pq , . ._.,.,

ascertain which set of equations '_ "Ta " _• c- _ , or J-71b, or j-c4 should he

used to compute the post and trunnion drive angles.

f, C_.[ Orientation, _ne foregoing subsections define the C_._position in

the _,[ windows. It is now required to determine the C_4 orientation.

Two C_._models are used for this ptu_pose (see Figure 18). Consider the

1
three gimbal, _ scale, C_ docking model. Locate the table-top ref-

erence coordinate system at the C_4 pivot point (Figure 18). Let all

A

gimbal angles be zero. This forces the CSM body axes XB/C to lie along

FORM 03=ii llEV ! 144 .,orr LED-500-5
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YB/C to lle along and ZB/C, to lie along negative i" Rotatv
v A

first about the negative outer gimbal axis (-p1) through( _G ) CSM'

mid_ glmbal axis through •(gG)CSM , and last about thethen about the "_

Inner gimbal axis through {_G)C&M to obtain an arbitrary CSM orientation

relative to the ...._"_ '__= ......e. table axes. The table axes are related to the

CSS4 body axes by the follo_ing gimbal angle transformation:

m i

,,--
/",B/C

"_eVc

I
n

cos(co&,.,

".,AoS _ _. _",.-,,..,._
...... _ another tra__.sformation must be found that relates rB/C to

I
2%

_ TA?_ based on kno_rr.._ real _orld_ variables.

-_-_.3; qij"
!,Latrix operator ' • _ _ relates the LE,! body axes to the table

axes The _,T _ ;'", _o_, ex.es relative to the inertial reference axes a_'e

kno_r., "D-hq_, Conhining gives:

The C_,[ is oriented to the same coordinate reference as the LEM, CSM

ordered rotations are specified by "_Gabout Z_ followed by g c about Yj_

X_-u !reference 38), During integrated operationfollo_ed by _c Kcout

the _ngles _c' @c _ ¢c ) or the corresponding direction cosine elements

are _"_ 14 - ..,._p_ec by the Abe. During independent operation +_e instructor

will control th_ CSM attitude (J-62a).

- rn

In any event:

FOI_ 0,1_ MV I
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_ Comblni_ (J-62) and (j&2) gives: f

0

0

or:
A

Gimbal_gles<?G)c_, _%!c_ _d !¢G)c_

known elements of matrix Fij with matrix elements of (j-I i).

result is given in 'J-60).

are found by comparing

The final

Matrix Pij must be modified whenever the telescope or overhead window

viewing mode is activated, This modification is required because matrix

(J-63) relates the ficticlous body axes p __r_or _ co the table axes.%j
Wa

For telescope viewing, the L..F..._

Eat:

,s • A

Therefore:

#A A
%od,v axes are reintroduced as follows:

(J-70_)

;:_t='l.< o_era*or ? _ (_--<T.)i'_ f:_v--n_ %y SU%S__tut__ng (j --13) _nd ;_ ',r,_
__=.t()(j-E,2). s._i_'s±,,-,_;. '--"_'

T 6 T s 71":
for the telescope; and:

for the overhead_rindo_.

i
When the relative distance exceeds 530 feet, the two gimbal, B-o- CSM

scale model is employed. For this regime the inner glmbal angle (_G)CSM

is not computed.

Fo_ _ _ _ s-_ _z_o_ LED-500-5
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g. CSM Solar Illumination. The solar illumination sub-assembly for both

CSM models consists of fixed banks of lights arranged in rings and sur-

rounding each mode_ 'see Figures 18 and 19). CSM solar illumination is

simulated by selective switching of the light bank quadrants. The ilghtl

ing array is fixed to the table. Each b_k of lights extends over an angle

r_ge given by meas_iTed in the II-_Z table reference plane (see

Fib-are 19). _e problem of light selection_ therefore_ reduces to aster-

taining the Sun's dirsction in table coordinates.

Th_ Sun's - _ _ m_.as-_edcoo_d_._a_es relative to the Earth or Moon are com-

put_d in the Ephemeris subsection. _ne orientation of the CSM is also

known relative to the X or Z-frame. Consequently_ the Sun's coordinates

in CK,i %odj axes ar_:

But, ma.,_x ?ij ('7"6!_ relates the C_,[ %ody frame to the {ab!e-top frame.

Accordingly, +_. _un's _...c__o., relative to the table is:

A®

_re used to control tr.e lig_.ts. Ar.g±e defines the
A

ceLtra! angle h_tween t]_ Sun's direction and P$ _%i!e _ ®locates the

Sun's projection in __ . . •.... plane of the lamps _see Figare 19) Hence:

= • = (j-sz)

"

-- _,,---@--

Refer to Figure 19. _en the Sun lies in region A '([_) _ _@l_ )_ the

LK_4, C_,, and _n are nearly aligned. The C._4 as seen from the _ is

not illuminated. All lamps are t_rned off. _'nen the Sun lies in region

B (_'_ _ TF- 0"_) , the C_ _. as seen from the L_4 is fully ill=-

.m_ LED-500-5
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inated. All lamps are turned on. When the Sun lies in region C

I

(_-_@--_ _@_If'_._), the CSM is almost fully illuminated; therefore, more

than one bank of lamps should be lit. For the remaining region only one

lamp is lit. It remains to define which lamp should be lit.

Each lamp segment extends over an s_ngle range _@. There are n

such equal lamp segments, hence, rl_@---2_" . __ngle _@ relates

the Sun s position to the lamp segments. For example, for each _)"' com-

puted, a test must be performed to determine a value of n that satisfies

the inequality:
L)

Earth shadow •'_art_..mission), then all !_mZS_ are turned off. A shadow

cylinder is generated by ass_Aming the Sun is at irlinity _see sketch).

The C_,[ is in s_in!ight whenever the 3_.:radius vector, projected on a

SHADOW
 ,CYUN DER SUN'S

; ' _AY$

•o_ o32$ I_ I 0.44

plane normal to the Sun's direction "=*_ _ is greater that. the central
-.n/®,,

body radius (Rn). In equation form this gives:

where: -

coscr2-

-m_ LED-500-5
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R_

As shown in the sketch, if .n/6 < Rn

inated (see Logic J-86).

6. Conclusions.

Conclusions a.ud recommendations are inappropriate for this Subsection

since all drive equations were based on hardware dictates. The visual

displsy hardware _ -__e__g._ has not been finalized. As a result, the fore-

going drive equaticns sre subject to chsnge. All future chsnges will

be documented anti _=_,-_....__-_ as an aldendum, to this report.

ebut 0z_ al ___, the CSM is ilium-

i FOIU_ G32i I 8-_

•, _ ;_.';_ i_ _ ....
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Rosser. J. B.; Ne_on, R. R._ 3.A_.. . _.: "':._thenatical?:_eo_." #

Rocket Flight, " _ -"-___ _c _ _- ." ..c_.a.-..... B^ k CczT:anj, """

Davls_ L.; Fol!in, W.; B!itzer, i.: "'-_c..erlcrBa_listlcs of _oc_<e-s,'"

Van Nostrand, _^=_

"!_N :.[assPropels. Re_ort, _-_9-__ v, i Febr___.; !_{5,

Title unclassified, repo_ coz_idential.

Pantason_ P_ : "L_4 Staging I_-a_ics Fcr .-':z.oft _aring the i_"__ar_:_red

Descent Phase," I/*O-=^a._-__.,__ _0 January/ !_5.

i0. Sha_iro_ M.:

ii.

12.

13.

lb. Kozai, Y. :

15.

16. Sterne, T. E.:

17. _na?iro; :.u.:

19.

20.

21. Aeder, R_:

2_.
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23. Greene_ J. P. : "The Use of _atern!ons in I_,_ES,"LM0-510-248, 21 Aug-

ust 196_.

" IM0-570-260, 12 October 1964.24. Greene_ J. P.: "Quaternlons,

25. Shapiro, M_: "INS .Math Model - Notes on Attitude Simulation Utilizing

Either Quaternion Rate Equations or Direction Cosine Rate

Equations-_ird Progress Report," E,[0-500-207, 1 August

1964.

26. Robinson_ A. C': "0n the Use of Quaterni0ns in Simulation of Rigid-Body

Motion," W_fDCTechnical Report 58-17, December 1958.

27. Goldstein_ H. : "Classical Mechanics," Add!son-Wesley Publishing Com-

pany, i959.

28. Eichler, J. : "A :'ethod to ._orce Orthogonality of the _aternion-Derlved

Attitude _atrix," I/{0-500-216, 5 October 1964.

"_-...... _^rv Suw_lement to the Astronomical Ephemeris and

the kmerican E7hemeris and Lautical ALmanac," Her :[ajes-

ty's Stationery Office, 1961.

30. Hutchinson_ R' C : __._..... 0.ie.,.a_ion of the Moon, M_-IL-R-335,

f

0ctoher 19o2.

31. Linderifelser_ W. A_.: "Definition of Coincidence of _[ Vehicle Axes

and inertial Reference ?rame At Lunar Landing Site,"

I_,[0-3_0-99,27 _.._arch1964.

32. Sears, N. E.; Trageser, .q.B.; "_oodb'_r, R. B.: "Primary G & N S_gstem

Lunar Orbit 0perations," :._TR-446, Volume I of II,

April 196h.

33. Peabody_ P. R.; Scott_ J. F._ Orozco_ E. G.: "Users' Descriptions of

JPL Ephemeris Tapes," TR No. 32,580, _.r_rch2, 1964.
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37.

38.

39.

40.

41.
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"The American Ephemeris and Nautical Almanac - 1966,"

U. S. Government Printing Office.

Green_ J. : "GAEC Recommended Changes to LSP-370-2A," LM0-370-168,

22April196 '

Pulgrano I Lo : "An Alternate _thematical Representation of Propellant

Sloshing For Use in the L_ Simulators," LM0-500-198,

9 July 1964.

Pro_ect 545-556: "LEM-EVDE Design Report," Farrand Optical Company,

8 january1965.

Woycechowsky_ B. J. : "Apollo Mission Simulator - Equations of Motion,"

General Precision ER-448, 15 June 1963.

Howe, R. E. : "Planar Analysis of Propellant Sloshing Ynteractlons With

the LEM Descent Stage Flight Control System, " R_0-500-256

15 March 1965.

Higgens; R. F.: "Contract _AS 9-1100, LE._Mission Simulators, Math

Model Meeting Minutes/' _*£$C-CF332-L13-15-65-414, 8 _._y

1965.

Shapiro, M.: "LMS Simulator - P_.TGSEquations and D_J and AOT Subsys-

tem Equations/' To be published..
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V - SYMBOLS
r

_0

apq, bpq,

Cpq

aij

aij,

ak, bk, Ck

k=!,2,3,h

A,B,C

AUL, LS

Ax/v,Ay/v,
Az/v

AAwi, EAw i

w=lorc

Definition

Semi-major axis of
CSM orbit.

Celestial sphere gimbal

angle drives.

Transforration zatrlx from

inertial M-Frame to se!en.

cgraphic S .Frame,

Constant transforration

matrix from inertial M-fra_

to selenographic S-Fraza com-

puted at some epoch t*.

Direction cosines between

XB, YB, ZB body axis and
landing radar beam directions

Lunar iner%ia ......

!C - IA IG - !_ M Ic
Ic J !C _ _"

Rendezvous radar azimuth

gimbal angle to _ _ _ ' =

or line-cf-sight

Aerodynamic drag Dertur..

bation components (!ZM or

csM)

LEM or CSMVHF antenna

direction cosines with

respect to LEM or CSM

body axes

PA_ 117

,_nits

ft.

deg.

dez.

ft ./
sec2

deg

mn_A 
(Estimated)

5.7 x 106 to
7.Ox lO6

20.9 xlO 6 to

24.5 x 106

0 to 360

+l

+

-!

619.36 x i0-6

202.70 x 10-6 27
2.81599h8 x lO "

o _o 36o

+6 x 10-5

r.O_ G32| UV 1 I-_ ,w_ LED-500'5
i

D*_ 22 April 1965 .
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Remarks

Lunar orbit

Earth orbit

Input to EVIE

All direction

cosine elements

can vary from
-i to +i

Constant, once

t* is specified

Input constants

ATL - Input from
RPJe4

AIS - Input to
RR_4

Input constant



_ i

L

Symbol

cijn

Clni, C2ni,

C3ni

dpq

o*

Dl, D2

DYK, DZK

Definition

Transformation matrix from

inertial M or E-frame to

ideal IMU R-frame

CSM VHF antenna direction

cosines with respect to

n-frame

Distance of Earth or Moon

viewing screen from wlndow

or telescope

Mean solar days from Jan.
1.0 1950 to date

Landing radar doppler

velocity signals

Integer zaan solar days

from beginning of launch

year to problem start r

Fixed distance between CSM

and LEM. This parameter

is used to switch the comp_

tation from inertial coor-
dinates to relative coor-

dinates or vice versa.

Jet damping force along

body axis.

m.

ft

days

ft/
sec

days

ft.

Ibs

(Estimated)

+1

+l

0 to 20

(6 to 9)x 103

0 to 500

o - B65

+4

DAn 22 April 1965

@IIUMMAN AI|CRAFT ENGINEE|ING CO|PO|ATIOH

CODE 26511

Bemarks

Constant matrix

Supplied by AMS

during integrated
mode

Input constant

Not required if
included in JPL

tapes

Input to LRMM

Input constant

Input constants



Symbol

e2

el; e2;

e3; e4

(E-Eo)

fT_

giJ n

(gij)c

gE

.g

GHA

Hi

hiJpq

FOIL_ 0320 IEV ! II.64

,Am 1.1.9

Definit ion

Earth flattening

equivalent

Quaternions

Change in CSM eccentric

anomaly

Rendezvous radar eleva-

tion gimbal angle to

trackingline or llne-

of-sight --

Earth flattening

parareter

Total external force

components along LEM •

body axes

Transforrmtion rmtrix

fron inertial E or M-frame

to LEMbody B-frame

Transfor_.-_tionmatrix from

M or E-frame to CSM body
frame

_,_an Earth surface gravity

Mean longitude of the sun

Greenwich hour angle

.th
Altitude of I earth

tracking station above
reference spheroid

Transformation matrix

from LEM body axis to

wlndowor telescope

axes

Units

rad.

deg.

ibs

deg

deg

ft

(Estimated)

.006693219

+l

0 to21T

0 to 360

1

+-12x 103

+

-1

+!

3_.!740

0 to 360

0 to 36?

0 to 20_J3

+l

_pom LED 500-5
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Remarks

Input constant .

Iterate for this

parameter

ETL - Input from
RRMM

ELS - Input from
RRMM

Input constant

Supplied by A_/_

during integrate_
mode

Input constant

Required for

physical libra-
tion

Input constant

Constant matrix



i
J

hM/L

hM/ 

hie

<

h

H

Hn/C

Hx; Hy;

Hz

if

('Isp)K

Ix; ly; Iz

Ixy; lyz;

Izx

FORM G3211lily I

Definition

Altitude of LEM CG

above lunar surface

ft

_nge r

(Estimated)

0 to 6 x 105

Altitude of LEM landing

radar above lunar surface

ft O to 6 x 105

Altitude of design eye

reference point above
lunar surface

ft " 0 to 3 x 104

Altitude above spheroidal
surface

ft 6 x 105 to

3 x 106

Hours (UT) from Greenwich

midnight to problem start

hrs 0 to 24

Total CSM angular momentum

Component CSM angular
momentum

Inclination of MEP film

strip relative to lunar

equator

Hayn's inclination constant

of lunar equator to ecliptic

Specific impulse (_,_in

engine)

Moments of inertia with

respect to body B-axes

Products of inertia with

respect to B-body axes

ft2/ 30 x lO9

sec

ft2/ 30 x lO9

sec

deg 150 to 180

deg 1.535

sec 300

s±u_- 2000 to

ft_ 22,000

slug- -1GO to

ft 700

llii,_lT LED-5OO-5
D,m 22 April 1965

OlIUMMAN AIIICIAF! |NGINEEIlihlG COIIPOIATION

COO! lilLIll

,1|1 - --

Remarks

Lunar altitude

mmasuredwlth

respect to
reference

spherical
surface

Input to Landing

And Ascent Image
Generator

Earth orbits

Input constant _

Input constant

Input constant

for jet damping

Does not

include CSM



Symbol

JD

J2

llni, 12hi

13ni

liJpq

Lij

LB; MB;

NB

NR

%K;

NSK

Definition

Julian Date

Oblateness Constant

LEM-VHFantenna direction

cosines with respect to
n-frame

Distance from fixed RCS

reference pointto RCS

jets

Transformation matrix

from LEM window or tele-

scope axis to M or E
frame.

Physical lunar libration
matrix

Total LEM body torques in

XB, YB, ZB directions,
a_out the instantaneous CG

Reaction control torques
about RCS fixed reference

points

Reaction control torques
about instantaneous CG

_._in engine (ascent or

descent torques about

instantaneous CG)

_ael slosh torques about
instantaneous OG

_n_ G3=| ILt'V 1 1,64

p*c_ 121

Unit_____ss

days

ft

ft-

!bs

ft-

Ibs

ft-

ibs

ft-

ib_

ft-

ibs

(Estimated)

(2.4 t2 2.5)
x I0U "

1.62345 x i0-3

+l

4to6

+l

+
-1

+&O ,000

+-3o0o

_4000

+

-i0,000

 3ooo

"_ LED-500-5
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Remarks

Input constant

Input constant

DAn 22 April 1965
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< . , ,

(

Y_, N*

_e

mKj

mRl

mL

mII

msKJ

mrDj

nij

N

t_OItMG.I_I F.IIY1 1.4,4

Definition

Jet damping torques about

instantaneous 0G

Stage separation torque
about instantaneous CG

Expendables ejected during
ascent or descent

D_in engine propellant
flow rate

Sttmof rigid and solid mass

Total RCS propellant mass

•remaining (system a or b;

l=a, i =b)

Instantaneous total LEM
_,m S-B

Total dry mass of ascent

stage

Total dry mass of descent

stage

D_in engine fuel or oxi-
dizer slosh mass in jth

tank

Descent engine fuel or

oxidizer rigid mass in
jth tank

Transformation matrix

from IEM window or tele-

scope axes to mean
ecliptic axes of date

Leap year integer cor-

rection for computing
Julian date

Unit s

_t t

lbs

_m t _

lbs

slugs

slug/
see

slugs

slugs

slugs

slugs

slugs

slugs

slugs

.

days

(Estimated)

+lO

+12,000

-1

lO

lO00

•2OO

150

+l

4-6

u_m LED-5_X)-5

oa*I 22 April 1965

Remarkz

Delete

Required for

jet damping

Main engineMath
Model

Input from RCS
Math Model

Input constant

Input =÷ -_

See A-h6a, A-L_a

See A-46a, A-LTa
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Symbol

Pij

PB; qB;

rB

rn/V

n = .... E

rY-_ ;T

rE Oi

rr ; :r.:

i

/-.%-

'Definition

Transformation from ren-

dezvous and docking display

_es (_) to CSM body axes

T_I_.:body rates about XB, YB
ZB axes, respectively, rel-

ative to an inertial system

Dznar triaxiality acce!era-

ticn components

Uransforr..mticn from _=n

dezvcus and docking dis_!ay

_ '_ ) to _.: Zcd_ axes

"_ ar.i V ..... _ - "

Sia-an_e zeaEured from __:."

laniing radar _c v_o_ _ezte.

li_-.an__ fr:n ---_'.'.', _-,.me.
-- ,mh _-r_-_i __._.._-ra__-_-'-_

_ki "_'

-.r=tkin_ s_azi'_,_nzo _e._enr '

"." _=_s,_ of Earth

_ake _.f_ _.'. at launch

Jnit_____

rad/
sec

ft/

sec 2

f_

v

. v

-- v

leg

r..CL.,,,_3_1 I_'V I &-A_

(E_iza_ e_)

+-i

+

-I.0

-1

f

x li

2" x __

f

f ._v

X

.21x ..

--,_= &.[-

R_-= 2.'_-

won _- :,00-5'

DATe 22 A ,ril 1965
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Symbol

RM

_k

k = 1,2,

R_

_x; ;

_Z

_X

t

r'Ol_ G331 ItV 11L._

Definition

Right ascension of Sun

measured at problem start

M_an radius of moon

Mean equatorial radius
of earth

Slant range a!or_ each

landing radar beam fro-_
IZM to lu_mr surface

Design lunar radius based
cn Land ._._ssSi_-_latcr da-

tu_mreference

Component fuel and cxi-
diner slosh force in LKM

body coordir_tes

Stage se_arazlcn ._r _.= _=

Problem time

Time m_asurod_ from

problem start _%Ich

specifies the ;_si_ion

of the L_J verzi_al XR

direction (landln_ si_e
at landing or take-off a:

take-off)

p_m le_
, ii.

Uni_______s

deg

ft

ft

ft

(Estimated)

0 to 369

6

i%s * -_-$¢
!

. I

ibs "°

X

i

¢

=.e.._

J
!

i

!
,see, IZD-50C.-5

Input constant

Input constant

Input to LRMM

Input constant.
The value de-

pends on the
intended land-

ing cr take-
off site.

!hOUr oonstant

Input constant

• {.
G|UMMAN AIIIC|AFT |NG;hE||,,,..G C_,JL@O|ATIOId

CO_ _S_I -
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Symbol

To

T*

W u

u = 1,2...
•16

TXBR; TYBR;

TZBR

:XBK' TYBK;

TZBK

VR/V

BB H

_'S; S

Vn/c

FOlt_ G3211 ItEV I

pA_ 125
ii iii i i ,

Definition Unit_____s

IJulian centuries measured J.

from Jan. 1.O 1950 to cent' s

problem start

Julian centuries measured J.

from Jan. 1.0 1950 tO t*. cent's

RCS thrust Ibs

_,_in engine thrust (ascent ibs

or descent).

RCS thrust components !be
.

along body axes

_.._inengine thrust ib_

components alcng body
axe s

Velocity of LEM or _-.,.*_'_' ft/

relative to a_.,o_h.__ sea

Component slosh accel- _t/

eration parameter in sec _

_aD_kY, Z coordinates

',omponent slosh accel- rt/_

eration parameter in YB, sec-
ZB body coord%nates

CSM velocity in inertial ft/

M- or E-frame sec

l

DATE

GRUMMAN AI|CEAFT ENGINEEEING:C.OIIP_OIIATION

COD! _JI. -.

Range

(Est- -Ced)

0 to i00

0 _o 3,500

9 to IO, 500

O to _00

_i,000

25 x 103

+-5

"2.5

6,000

25,000

LE9-5OO-5
22 April 1965

Remarks

Required for

JPL Tapes

Input from
RCSMM

_put from

Input from
RCSMM

Input from
MEN_!



.__° .

Xn/L; Yn/L
Zn/L

Xnlc; Ynlc

Zn/c

_.Bls;iB/S
ZB/S

iM/S; iM/S
_'M/S

XS/V; YS/V

Zs/v

XEIM;YEIM

_IM

XE/e;YE/e

ZEI®

x'R/n; YRIn

ZR/n

IlOl_ Gill| I111¥1 II.d14

Definition

Displacement of subsatel-

!ite point with respect

to origin of Landing Table

Model or Landing Mass
Simulator

Coordinates of Moon or Sun

in window or telescope axes

LEM position Coordinatesln
inertial M- or E-frame

LEM position coordinates

measured in body frame

CSM position co0rdinates

in inertial M- or E-frame

Component velocities along

LEM body axes with respect
to lunar surface

Component velocities of

lunar surface measured
in M-frame

LEM or CSM coordinates in

selenographic S-frame

Position of Moon in E-
frame

Position of Sun in E-

frame

Velocity components of
vehicle relative to

atmosphere

ft

ft

ft

ft

ft

ft/
sec

ft/
sec

ft

ft

ft

ftl
sec

(Estimated)

6 x 106

60 x i0I0

6 x 106_.

24 x 106.

6 x 106

2_ x 106

6 x 106

24 x 106

5 x 103

is

6 x 106

15 x 108

60 x i0I0

25 x 103

IE_ LED-500-5
b*,! 22 April 1965

OlIUMMAN AIIICIAFI' ENGINEEIIING ¢OIIPOIIAT!ON
CON 16511

I i

Remarks

Input to EVIE
and Land Mass

Simulator

Input from JPL

Tapes

Input from JPL

Tape s

i,,,,



@

O

@

Symbol

XEtGi YEtGi
ZE/Gi

Xx; Xy; Xz

Y

Definition

Position of ithground

tracking station in E-
Frame

Elements of precession

matrix

Launch year

Position of LEM landing

radar plate relative to

LEM body axes

Distance from LEM CG to

local CG of any partic-

ular item along XB, YB,

ZB directions, respec-
tively.

Distance from fixed

body reference axis to

instantaneous LEM CG

Distance from fixed

body reference axis to

local CG of any partic-

ular item

Distance from center of

jth descent tank to CG

of remaining oxidizer
or fuel

Angle range of lamp

segment representing
solar illumination

Angle made by the pro-

lJecti_n o_ the Sun in

the _ P2 rendezvous

display pla_e with

direction

_Oi_ 032| UY I li.6_

Units

ft

deg

ft

ft

ft

ft

deg

deg

(Estimated)

21 x lO6

+
-1

1969 to

1975

+2O

+2O

+2O

0 to 360

oA_ 22 April 1965

GRUMMAN AIRCIAFT ENGI-NEEIIING COIEPO|ATION
CODE NL!2

I

Remarks

Included in JP]

tape s

Input constant

Input constants

Input constant



i_#'_ ,iI

9f

|,,,,, ! , t, t ,tl- ,,

Definition

128
=,,, , ,...... t

iUnits Range
_-- (Estimated)

Angle between Sun direc- ! deg

tion_and optical axis line ,

of sight direction _
I

Mean longitude of the

lunar perigee

Declination of landing
or take-off site

Angular displacement of
sub-satellite relative

to MEP film strip cen-
terline

Radar elevation angle of
the ith earth ground

tracking station

Minimum radar elevation

angle of the ith earth

ground tracking station

required for conFami-
cations

Main engine gimbal angles

Obliquity of the ecliptic

FOIUA_-_2| It_ I 8-64

Tolerance parameter

LEM-CSM polarization

angle measured in a plane
normal to the line-of-

sight vector

0 to 180

deg 0 to 360,

deg +20 °

deg +20 °

deg 0 to 360

deg 0to20

deg 0 to i0

deg

deg

deg 0 to 180

Position of LEM subsatel- deg 0 to 360
lite point relative to

ascending node of MEP film

strip

' " LED-500-5
"*_ _2 April 1965

OIIUMMAN AIIClIAFT |NOINEEII|NG ¢OI'POIATION

CODE 26511 -

Remarks

Input constant

Input constant

In_t from
SCMM

Input constant

Input to CPd_M



, _,m 129

] ,

,i

i
[

i
i

Symbol

91S, _IS

@c, _c,_FC

(gO)csM;
(¢o)cs1, ;

( O)csM

_L

IlOItM G321i ill_ 1 144

Definition

Earth communication

antenna gimbal angles

(Estimated)

0 to 360

The angle between each

landing radar beam direc-

tion and the local vertical

formed by the intersection
of each beam direction with

the lunarsurface

0 to90

Orientation of LEM line of

sight relative to

display axes (LEM camera

gle drives)

0 to 360

LEM Euler angles (ordered

rotations given by 9, then

then ¢)

0 to 360

CSM Euler angles (ordered

rotations given by _fc,

then @c, then ¢c)

0 to 36o

1/20 or 1/80 scale CSM

CSM docking model gir:oal

angle rotations

o to 36o

k

Orientation of window or

telescope axis r_la_!v_ to

LEM body axes

Longitude of ith earth

ground tracking station

0 to 360

Selenographic longitude

which locates the origin

of the landing table or
land mass simulator

o to 360

Selenographic longitude

of either LEM or CSM

0 to 360

llltOIt

DA*I 22 April 1965

OlIUMMAN AIII¢iAFI' |HOIH||IINO ¢OIIFOIIATIOId

COOllllsl

Remarks

Input to Com-
munication

model

Input to I_

Input to EVIE

Sup;!ied by
or instructor

Input to EVDE

Input

Input constant

Input constant



'_L

Symbol

_SK

i=1,2,3

¢o1_ G32| ItlY I 1.44

• 1

Definit ion

i,_ 130

Selenographic longitude

of either the landing
site or take-off site

Angle between landing
radar beams

Angular error between

landing radar beams

_ngle between-slant

range vector and
local vertical ..

Central force gravita-

tional constant of Moon
or Earth

Semi-angle of moon sub-

tended by the LEM vehicle

LEM or CSM VHF antenna

angles with respect to
the line-of-sight vector

LEM spiral antenna angles
with respect to line-of-

sight vector

Damping ratio of descent

engine or ascent engine
fuel or oxidizer

Angle between landing
radar beams

Angular error in direc-

tion of landing radar
beams

Units

deg

deg

deg

deg

ft3

deg

deg

deg

deg

deg

, ,, , ,

(Estimated)

o to 36o

ot09o

i_73139972
x lO14

1.4o765391
x 1o16

OtogO

0 to 180

0 to 180

-"_ LED-500-5
._ 22 April 1965
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Remarks

Input constant

Input constant_

Input constants

Input constant_

Input to Con-

munication

math model

Input to Com-
munication
math model

Input constant

Input constant

Input constant



Z

i

Symbol

_Pqmax

<

_ 131

Definition

Line-of-sight distance
between LEM-CG and CSM-OG

Line-of-sight distance

measured from design eye
to CSM-OG

Conponent relative dis-
tances of CSMWRT_ LEM

measured in E-or M-frame

directions

Component relative dis-

tances of CSM WRT LEM

measured in body B-frame
directions

neas&red in the plane of

the occulting disc from

the optical line-of-sight

Range

(Est_ed)

2_ x 10 5

2h xlO 5

+2_ x 10 5

+2h x 10 5

Cocrz_rs.tes of sun in

fra

0 _c 180

Central angle measured at
moan between the IZ_4-moon

radius vector, and the moon
ith earth station radius

vector

0 Zo 180

_ 22 April 1965

OIIUMMAN AIIICIIA:FT ENGINEEIIING ¢OIIFOIIIATION
CON _!|

Remarks

T .... " 3CT.St._N._S

Table __.__"_->-'_i_



mln,max

Pq

Cs/v

_SK

_k

_Pq

_ zB2

Definition

Angle between _
sun's direction

axis and

Fixed angles measured

between Px and the sun's
direction l@

Angle between either rM/C

or rE/C and sun's direction

Angle between window or t

telescope optical axis and
LEM local vertical.

Selenographic latitude

which locates the origin

of the landing table or

land mass origin

Selenographic latitude of
either the LEM or CSM

vehicle

Selenographic latitude of

either the lunar landing
site or take off site

Geodetic latitude of ith

earth ground tracking
station

Angular displacement of
the tank coordinate system

about the XB LEMaxis

deg

deg

deg

C

deg

deg

deg

deg

deg

Range
(Est--i-_ed)

0 to 180

0 to 186

0 to 180

0 to tgO

tg0 o

t90 °

0 to 36o

o to 36oAngle which measures roll deg

about optical line-of-sight

Angle measured between the deg 0 to 369
projection of window or

telescope optical axes on
the lunar surface and the

_irection, of _ee,MEP film I
- u_m i LED-5 _'5

B,. 22 April 1965
GIUIMMAN AIIICIIAFT ENGINE|IIINO COIIPOIIATION

CO0tE26512

Remarks

Input constants

Input to EVEE

Input constant

Input constant

Input constan_

Input to EVIE

Input to EVIE



,Aa z33

0

Definition

Longitude of lunar orbit

ascending node

Nodal regression rate of

CSM (Earth orbit)

ni-h._ ascension of ascend-

ing ns_e of I._P film strip
_e_.t_ line measured in

selens-Tra_hic or geograph-

deg

deg/
sec

deg

tad/

see

Estimated)

0 to 360

0 to 360

3 x 10-6

tad/

sec

rad/

sec

+-.05

4 x i0-3

, deg 0 to 360

Remarks

Input constant

Input to RR_,_

Input to RRR[M

Input to RP_

See A-46a, A-&7a



i,

I

SUBSCRIP/S

Subscri S ol

A

b

B

C

CG

D

DE

e

E

f

G

H

±b

t

K

1

L

LR

LS

LM

M

N

0

Definition

RCS system a.

Ascent engine.

RCS system b.

LEM body axes B-frame.

CSM, also communications antenna.

Center of gravity.

Descent engine

Design eye,

Expendables.

Earth, also geccentriz _-man eq:incx reference system

_,_P film strip or landing table dis;lay.

Earth _ " _g_oun_ sta_icnj als_ r_.rth fixed references.

Local horizon, local ver-i_al reference system..

Inbcard axis.

Either A (Ascent ;_..gin=-)or L '_e_s_ent Engine)

RCS system a crb.

LEM

Landing radar anter_na.

Line -of- sight.

Land Y_ss Si_&latcr.

Moon; also selenocen_ri_ -ean equlr._x reference

system.

Nozzle

Either E-fraze or M,--.°rame

Initial condition.

_- 22 Aprll 1965

¢;IIUMMAN AII"C|AFT I[NGIN|||ING COIII_OIIATIOM

CODE:MSI| .

J



[

F

• !

Subscript Symbol

ob

r

rp

q

R

R

RR

S

T.

V

X; Y; Z

I

I!

FOIU_ G3211IIEV 1 6-64

PAre 135

i i Dr ,lli - -- J., .l Li , J | ! f

SUBSCRIPTS (Cont' d)

Definition

Outboard axis.

Roll about tracking line; also denotes rigid

portion of fuel or oxidizer mass.

Window (W) or telescope (T).

Right (r), left (i) or center (c) window or

telescope.

RCS jets, also IMU reference system, also relative.

Reference point of RCS jets.

Rendezvous radar.

Selenographic reference system; also refers to
fuel slosh.

Table-top axes (Land !._= Simulator)

Vehicle, either L (LEM) or C (CSM).

_.;ithrespect to X, Y, Z directions

W_tb respect to dry weight of LEM vehicle

ascent stage.

With respect to dry weight of LEM vehicle

iescent stage•

Sun

f
/

DATE 22 April 1965

GRUMMAN AIRCRAFT ENGINEE|ING COIIPOIIATIOId

CODE 2651|
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